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ABSTRACT

The reduction of oxygen, in neutral saline solution
and in seawvater, vas studisd with a rotating disk
electrode (RDE). Platinum, gold, silver, and copper
electrodes were used to measure pularization curves for
oxygen reduction at concentrations between 0.07 ppm
and 7.2 ppm. The purpose of these measurements wvas to
test the applicability of the RDE as a primary reference
standard for the measurement of oxygen concentrations
belov 0.1 ppm in seawater.

It wvas found that an activated platinum electrode
would be used to determine oxygen concentrations as low
as 0.07 ppm i3 neutral saline solution with #2% accuracy,
but gave resulta which were about 20% high in seavater
at the same Oxygen lavel.

The lower limit of applicability of the gold
slectrode to Oxygen measuresent in seavater was found
to bo about 1 ppm. The copper and silver electrodes
corroded too rapidly to be of use in this study.

The kinetice and mechanisa of oxygen reduction
at platinum were investigated by oeans of an RLE. A
kinetic expression for the current for oxygen reduction
wvas developed, taking into acoount both direct d-electron
reduction to ON  or .0, and slectrochsmical reduction
via hydrogen peroxide. Possible catalytic decomposition
of hydrogen peraxide and loss of H,0, by diffusion were
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considered. This expression was used to demonstrate
that, in limpure neutral saline solutions, oxygen
rduction generally proceeds via the peroxide inter-
mediatae.

The rate constant for hydrogen peroxide reduction
in 3.5% RaCl solution and seawater was measured. The
dependence of this rate constant on electrode potential
was found to agree quite well with that measured by two
other investigators.

The mechanisa of activation and deaxctivation of a
platinuas surface with respect to oxygen reduction was
investigated. It was found that, under the experimental
conditions of this study, the surface was deactivated
by a mixed process of poisoning and desorption of a
catalytic layer which had been formed during anodic
activation.

A miniaturized version of the Winiler oxygen
analysis was developed for use in this study. This
technique permitted an accuracy of +1% when measuring
oxygen concentrations of 6-7 ppm. An accuracy of +5%
wvas sometimes obtained at the 0.1 ppm level, but
there was a tendency for larger errors to occur

because of shortcomings in the sampling procedure.
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CHAPTER 1: Isiyen"TION
1.1 Prime—r Ohdactivs of This 5i.;

In soavater desalination plants. and in othar
ifnatallations vbare large guantities of water are
heated in Ddolilers, corrosion of the boilers can be
mininized by maintaining a low oxygen concentration in
the boiler feed. Seavater near the surface of tha
ocean usually has an oxygen concentration of 6-7 ppa
at 20°C. This is reduced to 0.01-0.] ppa before the
saavater ia fed to the bollers of a desalination plant.
Some type of oxygen sensor with a fast response is
required as a check on the performance of the deoxygen-
ation apparatus. The primary abjective of this study
was to investigats the applicabllity of a rotating disk
alactrode for use as such a sensor.

1.2 Existing Oxygen Sensors

The twvo maln techniques for msasuring oxyjen
concentration in solution are the Winkler titration, and
oxygen-specific electrochemical davices. The former
is capable of high accuracy (Behreans, 1%70; rdgington
and Roberts, 1969) wvhen performed under strictly
controlled conditions. It will be dlsc\uud'm detall
in Chaptsr &. Because the Winkler titration requires
discrete samples, and analyses can taks up to an hour
to be completed, it is not suitable for use in on-line
continuvous oxygen monitoring.



The ixzge mwaamber Of slectrochamical orxygen

3ensors availabie commercially can be divided into
three main catsgories: galvanic, gas phase, and
polarographic.

1) Tha galvanic type comprises tvo dissiamilar
metal electrodes (e.g. an Ag cathode and an Fe - 2In
mod-'! ismersed in tha sample, vhich acts as an electro-
lyta. Oxygen £fn the sarple is reduced at the cathode,
metal dissolution occurs at the anode, and a current
proportional to the oxygen concantration flows in the
external circult.

An elactrode of this type was found to 9ive
accurats results (Behrens, 1970) ir deserated raw
semsater. HBowewer, in acidified seawater such as is
typically found in a desalination plant, the sensor
gave readings which were high, apparently responding
to 8° 1ons in the sample. This somewhat limits the
suitability of such an instrumnt for use in desalination
applications.

2) Sansors designed to msasure oxygen in the gas
phase aay be used to msasure dissolved oxygen by
equilibrating aitrogen with a liquid sample. However,
cells of this type wers found by Beshrens (1370) to
dieplay poor stabllity towards tamperature fluctuatioas

'nm Corp. Model 623 Dissolved Oxygen Analyszer.



and elecirical noise, and numlinearity betwesr grpeen
concentration and cutput sigmal.

J) The polarcgraphi:- sensor comprises two metal
elsctrodes {s.g. an Ag anods and an Au cathode) betveen
vhich a potantial is maintained. Tha cell ~nntaining
the slectrodes is made of a plastic snh a3 PVC, filled
with an elactrolyte, and sealed at one end vith a
ssabrane. This membrane is permsable to oxygen, but
not to othar reducible species presant in the solution
being analyzed. Oxygen diffuses through the msmbrane
from the sample, is reduced at the cathode, snd a current
flows. Sensors of thig type show the best resistance
to intsrference by ioans in solution, and good tesperature
stability, as well as high accuracy in the 0-100 ppb
range. Howewer, changes in pH have been observed
to result in altered oxygen concentration readings
{(behrens, 1970). Moreover, this cell is sensitive to
the partial pressurs of tha oxygen in the sample rather
than to the weight fraction of dissolved oxyger.,, even
though the readout is in ppb or ppm 0,. The Honry's
Law constant for oxygen in scswater is dependant on
salinity (e.g. Trussdale, et al., 1955) so the indicated
oxygen concentration should be corrected for salinity
variations if high accuracy is required.

Bacause it is not poesible to calculate the
instrument readings as a function of oxygen concentration,

all commercial oxygen sensors sust be calibrated agalnst
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nown oomoentrgtion Mda This can de isccrvenient
=8 tia-oc&sm;. ¥ozsoror, ths alsciricai output
of these cells at a given oxygen concsntration can
vary vith tims, 20 they must be recalibrated periodically.

An electrods for which a calibration would not be
required {s the rotating disk electrode (RDE)}; the
current corresponding to a given set of operating
conditions and solution paramsters car be predicted
theorstically if certain restrictions of slectrods
kinetics are cbeysd. Thess will dbe explained fully in
saction l.). It was fcr this reason that the use of
en RIE in msasuring oxygen concantrations in seawater
vas investigatad.

In the next uc*&l:.am_. e theory of the RDE and
ite applicaticn to practinal ;ycuu are described.
An introduction to the machanism of oxygen reduction
follows, and the chapter ends with a description of
tachniques used to analyzs the reaction mschaniam.
1.1 Ttaeory of the Rotating Disk Electrnde

The rotating disk electrode (Pig. 1.1) conelats
ideally of an infinite horizontal lamina immersed
in a fluid of infinite extent and rotating with angular
velocity v about the vertical axis, r =~ 0. At the
wdar-surface of the disk the wvelocity of tha fluid
relative to the disk is zero, and the fluid moves vith
the dick. Just Delow the disk surface the fluid
velocity acquires a tangential componant and i{s thus
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thrown horizontally outward. To balanoe this flow,
fluid must simnltaneously flow upward in the y-direction,
and tha flow pattern illustrated in Pig. 1.1 is
establishad.

1f a species in a solution in vhich a rotating
disk is immsrsed reacts at the surface of the disk,
the mass flux of this species to the surface is jointly
dstermined by its diffusivity and by the hydrodynamic
characteristics of the system. 1In order to determine
this mass flux, it is first necessary to evaluate the

velocity profile by means of the Navier-Stokes equation,

g{---qrndgovdhqrad§+g (1.1)

and the equation of continuity,

divve (1.2)

<4

is the welocity wector,
is the pressurs,

is the density,

©° 9

v {is the kinematic viscosity,

g 1is the gravitational force.

Because the system posseases cylindrical symmetry,
equations (1.1) and (1.2) are conveniently expressed in
cylindrical codrdinates r, ¢ and y. In addition, the
following ass'mptions are made:




s flow 15 laxinar,
The flow is in stoady state, s0 that g%- o,
The component of v in *the y-direction, Vo is assumed
to be independent of r,
Since ths fluid is assumed to be incomgressible and
the rotating disk is horizontal, p is a function of ¥
only.
Becausad forced convection predominates over natural
convection the gravitational term is ignored. Also,
because of the cylindrical symmtry all derivatives
with respect to ¢ disappear.

Equation (1.1) becomes (Riddiford, 1966):

2 2 2
v v v Vv v v
r r 4 ) 4 S
'z-:?"y’W‘-;’-"“";:*ﬁ(?)’-,;z (1.3
v v vrv' a’v 3 (V) 32v
i AR AEFARE v A8 AT R (IR
2
IV v
13
e RS Aldee £ (1.5)
Equation (1.2) becomss:
v v v
r r
R At ahde AL (1.6)

The boumdary conditions are:



o i — —— e ————— ¥ — At =

U p—

vr-D,vttmr,vr--D,at y= 0 {1.7)

vr-O,v‘-O,vy--x,at y=a=_ (1.8)

Dstails of the solution of these equationa may be found
in Kiddiford (1966).

The hydrodynamic boundary layer can be defined
as the distance in vhich tha fluid motion changes
substantially from that of the rotating disk to that
cbserved in the bulk of the solution. Riddiford finds
its thickness, Ga to be:

172

§, = 2.8 (‘5) . (1.9)

Mote that 6! is independent of r.
The equation for steady state transport of an

uncherged species '1’' in solution {s, in cylindrical
colrdinates,

2 3 ¥ (1.10)
v, ¢ ic
$ i i
+ T 3¢ + vy —3v

vhere €4 is the concentration of species '1' in
solution,

D, is the diffusivity of species 'i', and s assumed
to be indspendant of concentration. As bo!ou,. from
considerations of symmetry, N is independent of 4.



It is also assumed that <; is independent of r, since
the ronvective flow which is responsible for bringing
fresh reactant to the gurface depends only on y.
Equation (1.10) therefore beccmes:

d Sy dci
Di —d? = vy 1; (1.11)

with tha folliowing boundary conditions:

cy; ™ c1(0) at y =90
(1.12)

c; = c1(-) at ys =
The concentration profile is obtained by substituting
for the velocity in egn. (1.11) and integrating twice.

The mass flux of species 'i' at the rotating disk is
then given by:

(dci )
J = =D (1.13
1\,
which leads to the result:

D1 [cit-) - c1(0)l

J'T

(1.14)

vhere: Sc is the Schaidt number, %, a dimensionless

paramatasr,

{0@ (-€3 + 0.885(5¢) "1/ 3¢4 - 0,294 5c7/35 4 . )ac




- 1/2
§ = 1.80 Sc 1/3(5) , and is introduced for
convenience in solving
eqn. (1.13).

Levich, who obtained the first solution to this
mass transfer problem, assvwmed that at large Schmidt
numbers, of the order of 1000, only the first term in
the exponential expression in eqn. (1.14) was of
importance, and cbtained the result:

3 = 0.6205 sc” 23w} (e (=) - ¢ (0)] . (1.15)

Gregory and Riddiford (in Riddiford, 1966) evaluated
the dernminator in eqn. (1.14) mmerically, and by
fitting the result to a function of Sc, obtained the

expression:

0.554

J = _
0.8934 + 0.316 sc °°3°

sc”2/2 w2 c, (o) - c (0] .

Newman (1966) expanded the exponential term in eqn. (1.14)
and integrated the denominator analytically, to obtain:

3 0.62048 c2/3 (uv) 1/2

=1/3 ~2/3
1 + 0.2980 Sc + 9,14514 Sc (1.17)

.[cit.) - ci(o)i .

. At 8c = 500, which corresponds to the diffusion of

oxygen in seawater, equation (1.17) deviates from the

"eaxact" solution obtained by mmarical integration of
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smm, 12,14} with SC sttt egual to 5P0, by D.15V. The
psoluation of Giocyway and KHadiford deviates by 0.18%,
T That OF iavich by 4.00% (dewman, 1966). BHence
the Newman solution is ths most accurate one available,
and vas usad to calculate all the numerical mass-{lux
valuves used in this study.

The mass-transport boundary layer is analogous
tn the hydrodynamic boundary layer which vas introducad
eariier. 2iddiford (1966) defined the thickness b
of the former, as the distance over vhich the concentration
of tha diffusing species changes from its value at
ths RDE surface to i{ts value in the bulk of the
solution. He found that

} 1/2
§, - 3.2(5¢) ‘/’(5) (.18

Note that 6” is szaller than 6" (eqn. 1.9) by a factor

e+

of approximately Scln and is irdspendant of r.
The current dus to the electrochesmical reaction
of species 'i' .\t a conducting RDE can now be found,

using (1.17). By Paraday's law,
{ = npJ (1.19)

vhere: n {s the number of electrons transferred vhen
one molecule of 'L’ reacts,
F is the Paraday. 964350 couloubs/mole,
and 1 is the current density.

i



Substitution from eqn. (1.17) into egn. (1.19) gives

i - _p.eass _2y3 5 un??
1l ¢« 0.298 Sc + 0.14514 Sc (1.20)

-nr!citn-) - (0] .

The corresponding expression based on the lLavich
sclution (1.15) for the mass flux, is similar to

eqn. (1.20}), differing from it only by the factor
1
-" -
1+ 0.290 8¢9 4 0.14511 5273

eqn. (1.29) will be referred to as the "levich equation®

. ‘Therefore,

in this study, 80 as to acknowledge the fact that
leavich played a major rlle in solving the RDE mass-
transfer equation.

Whean species '{° reacts at the surface of the RDL
as quickly as it arrives by convection and diffusion,
¢,{0) = 0 and the current reaches its maximm value.
This is known as the diffusion-limited current density
1“-. or more simply, as the limiting current density.
Here tha appeal of the RDE as an analytical tool
becomss apparent, since with a knowledge of the transport
properties nf a system, and the rotstional speed w,
the current density can be accurately predicted if the
concentration of the electroactive species in the
bulk of the solution is known, and {f the electrode
reaction is effectiwely instantanecus and proceeds to
completion.



1l.4 The Polarization Curve

Crmei{der gn RDE immersed in a solution containing
an electroactive specie: ‘i'. If no external potential
is irposed on the electrode, the oxidized and reduced
forms of species "1’ will assume equilibrium concentra-
tions. Charge will be transferred briefly between the
electrode and the solution, and the electrode will
assume a potential known as the rest potantial, whose
magnitode is charactaristic of the solvent, the
concantrations, and the electrochemical nature of species
i S

If the electrode is nov mads more cathodic by
means of an extsrnal power source, species '{' will
be reduced at the RDE surface and a current will flow.
Presh material will be brought to ths surface at a
rate given by the lavich equation. The current will
increase as the cathodic potential of the electrode
is increased, until the current becomes limited by
diffusion, at which point a "limiting current plateau”
will be ocbserved, as shown in Fiqg. 3.2? The potential
of the electrode can then be fncreased with no further
increase in current, until the potential is reached st
vhich an additional electrode reaction can occur. In
the case of Fig. J).2 this reaction is ths reduction of
hydrogen ions to molscular hydrogen.

¢ Upper curve.
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1.5 Practical Ziiating Disk Sygtems

The following constraints apply to the dasimm nf
& practical RDE (Riddiford, 1966):

1) The diamster should be sufficiently large that
forced convection predominates over free couvection,
but not 30 large that turbulence develops at the edge

ro2u
of the electrodse. The Reynolds number (h =

vhere r  is the radius of the .lectrodc) for the onset
¢f turbulence has been variously estimated (Riddiford,
1966) as being between 1.8x10° and 2.4x20°. The minimum
Raynolds aumber necessary to easure forcad convection

is 2x102,

2) The diameter should be considerably greater
than the thicknass of the mass-transfer boundary layer,
80 a3 to justify the assumption that the RDE is of
infinite extant.

J) Edge effects can be avoided {f the actiwe
portion of the disk, i.e., the portion vhere an
electrochemical reaction occurs, occupies only the
central region of tha RDE.

4) The assumption that the fluid is of infinite
sxtent {3 justified if the bounding surfaces of the
cell containing ths RDE are at least 0.5 cm avay from
the elsctrode.

5) The rugosity of the undar-side of the RDE
should be negligible compared to the mass-transfer
boundary layer thickness, so as not to inhibit its formation.

14



6) It is iwmarrsnt that the flow above tha plane
of the ROE nnt interfere wvith the fiow below it.
Riddiford suggests that this can be achieved by making
the thickness of the disk less than 4% of its diameter,
and the diameter of the RDE shaft less than 308 of

the disk diameter.

7) Prom a study of results obtained with twelve
different electrode shanas, Riddiford concludes that
a bell-shaped slectrode best conforms to ths requiremsnts
of RDE theory. However, Prater and Adans (1966)
compared tha parformance of cylindrical and bell-shaped
RDE's over a Reynolds number range of 16-640. They
maasured limiting currents for the reduction of
rt(CI);‘ at carbon surfaces, and calculated i/uwl/?
for each electrods at a given speed. The results for
each slectrode shape agreed within 14, with a saall
dsviation for the cylindrical electrode at Re < 32.

In view of the greater esase of construction of the
cylindrical elactrode, its use sesms preferable for
many applications.

8) Eccentricity of the electrode shoulé bs avoided
in ordear to satisfy the boundary condition of equation
(1.7). Bardin and Dikusar (1970) studied the affect
of eccentricity on the limiting currents at nicro-
olactrodes with active portions of about 1 mm. diamstasr.
They found that no deviation greater than 3% of

theoretically predicted currents occurred until the

3



active partion was displaced a distance approximately
equal to half its radius from the center of rotation.
Bardin and Dikusar did not, however, study the effect
of "wobble,® wherein the ghaft of the RDEZ does not
rotate ccaplately on-center; this must be restricted
to a minimm.
1.6 Previous RMesearch

Peters (1970) mmasured polarization curves
for the reduction of oxygen at a platinum RDE in
3.5% ¥aCl solution. Because of the complexity of
semrater, there vas a possibility that side reactions
would occur and obscure the effects of oxygen reduction.
The 3.5% MaCl solution vas used instead in this
preliminary study bacause it was relatiwvely pure, and
its salinity and elactrical conductivity were similar
to those Of seavater.

Peters found that, at oxygen coacentrations of
6.8 and 311.1 ppe, the limiting current for oxygen
reduction at an activated electrode vas within 1\ of
that predicted by the levich equation. This indicated
that a platinum RDE could be used as an instrument
for msasuring oxygen concentrations of that order of
magnitude. An ohjective of this study wvas to extend
ths work of Peters to far lower oxygen concentrations,
similar to those occurring in process streass in a
desalination plant. 1t was also to be determinod
vhather the levich equation accurately predicts limiting

16
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currents in seawater at these low oxygen concentratirme,
1t a platinum RDZ was not suitable for this applicatiom,
the use of other materials vas to be invastigated.

Petars found that at any given slectrode potential
the oxygen reduction current at a platinum RDE decressed
with time, down to a stsady value. The curreat <ould
be restored to its former value by making the electrode
anodic for a short time, after wvhich a decline in
cathodic current would again occur. This effect has
been noted by some investigators while others have
eithar not cbserved it or have neglected to mention it.

It is avident that the rate of reduction of
oxygen on platinum is relatad tc the catalytic nature
of the platinum surface, and %this in turn {s a function
of elsctrode potential, its history, and saveral other
factors. Chapter 4 is devoted to a discussion of the
confliicting opinions expressed in tha litgrature on this
subject, as well as to some experiments vhich were
performed in this study to provide additional information.
1.7 Nachanism and Kinetics of Oxygen Reduction

Yusl cell dewlopmant and corrosion studies have,
in the last decade or 80, Jreatly stimulated interest
in the reduction of oxygen on a vide variety of electrods
asterisls. The reader is particularly referred to a
systamatic study (Khosutov and lakhodyakina, 1970} ot
oxygen reduction on 38 different mstals.

The overall reduction reaction is (Cnanamuthu
and Petroocelli, 1967):

17
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0, + P N P 28,0 , in acid solutiom
and {1.21})

0, + 2H0 + 4e” = 40H , in basic solution .

The reaction proceeds via a series of slectron transfer
and elsmentary reaction stape, the exact details of
which are the subject of much disagreemsnt among
alactrochemists, and vary acoording to the electrode
material and the pH. At lsast sixteen different
reaction patha have been propeosed {(Gnanamuthu and
Petrocelll, 1367), all with supporting evidance. In
all reaction paths the electrode surface participates
in sach stsp of the reaction. Gnanasuthu and Petrocelli
(1967) derived a precise expression for the Tafel slope
for oxygen reduction in terms of basic reaction
paramsters, but were still unable to restrict the
number of possidble paths for the oxygen reduction
msechanism to lass than six.

Wevertheless, since hydrogen peroxide can be
detacted vhensver oxygen is reduced (Hoare, 1968), the
reaction must proceed via tha formation of 32020
irrespective of the sequence of elementary steps
involved, and 8,0, is regarded am a stable reaction
intermsdiate.

An expandsd resction schems for oxygen redluctior,
taking hydrogen peroxids formation into sccoumt, can
be represented as follows (Bagotskil, et al., 1969;



Tarassvich, 1968; Luk'yanychavae, et al., 1971):

x
+de
(1.22)
o %2 2.0 X3 H.O
7 — %2 —_ 2
+30 +2e
ks

Mota that this reaction mdel only considers 2- or 4-
electron steps, rather than single-electron steps. It
possesses the advaatage, howewver, that it deals in terms
of astable, ideantifisble speciss. Oxygen can be reduced ‘
dirsctly to water by a {-electron reaction, or to
4,0, via a 2-electron reaction. The H,0, can then be
reduced electrochexically to !20. or decompcse catalytically
to B0 and 0y OF diffuse away from the elsctrode surface.
If loss by diffusion occurs to any appreciable
extant, the number of electruns transferred per molecule
of oxygen being reduced, instead of being squal to four,
will be between two and four. The valuss of the reaction
rata constants k, - k, will depand on the nature of
the surface at which the oxygen is reduced as well as
o the pi of the solution. i
T™he levich equation predicts a linear relastionship i
between the limiting current and the square root of
the rotational speed « in the 1deal case. Peters (1970)
cbtained a non-linear relationship, asymptotic at low I
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23/2 to the stiaight 1ine predicted by the leviol
aqnation, with == ingreasing deviziicg Irge this ilne
vith {ncreasing ul/?,

Be axplained this behavior by msans of the
sioplified reaction mechanisa shown below.

ky ky
+*2e +*28

This can be seen to be equivalent to (1.22), with

k -k‘-o. In addition Peters assumed that k. >> k

1 2 3
In such a case B,0, exists transiently as a stable
reaction intermsdiate. The esffect of increasing the
rotational speed was to increase the proportion of

H,0, leaving the vicinity of the ROE by conwvection before
baing reduced to Hy0. The increasing deviation of the

/2 curve from linearity with increasing uuz

1 v, w
can only be explained by assuming that the raste of

uzoz reduction is considerably less than the rate of
0, reduction. Making the above assumptions, Peters

derived the expression:

5 172 1
yig ™ 2!l°3¢gzu 14 ve A WAL
‘“:°z'

b

l »

vhere loz and "’:°z are equal to ths expression
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0.6205 sc~2/3,1/2
1+ 8.298 5”3 4 5.3451¢ 57273

for 5°02 and 5c; . . Tespectimely. Daters calculated
%2

svaluated

L3 from sets of experimental L1y 204 wl/? values. His
calculated results exhjbited a systematic dacrease in
ky as w!/? increased, instead of being independent of
Ulﬂ.

As will be discussed in a later chapter, the
mechanism of oxygen reduction varies according to the
madium, the pH, electrode material, and oxygen concentration.
The simple reacticn model was tested further in this
study to determing wvhether it applied under certain
oxpo:hm-ul conditions. It also piuvided a convenient
means of calculating very approximate valuves of ky for
comparison under a variety of exporimental conditions.

1.8 Derivation of an ¥wranded Expression for the
Current at an RDE in a Solution Containing Roth

o2 and 8202

The RDE can be used to elucidate the machanism
of O, reduction, as mentioned in the previous section.
In this sectior. an expression is derived for the
limiting current due to 0, reduction, using the expanded
reaction model (eqn. 1.22). It is later shown, in
Section 1.5.), how this expression can be used to
differentiats between the simplified and expandad
reaction mschaniamd by msasuring the dependence of
"11- on .1/2 with the RDE. The expression derived can
be applied to soluticns containing sppreciable
concentrations of both 0, and K,0,.
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The following asswu-tirms are mada;
1) A1) reactions involved are first-order. (Damjancvic,
et al., 1967b; Tarasevich, 1968)
2) Both 4-slectron and 2-electron 9, reduction are
very fast cospared to nzoz reduction.
3) The rate of 0, reduction coiiusponds to the limiting-
current situation, so that csz = 0.
lLet the fraction of t)2 undsrgoing 2-electron reduction
to B,0, be £; a fraction (1 - £) thus undeijoas
4-eleactron reduction. Note that f = ky/{ky, + ko). The
convective flux of oxygen to the RDE is cg “1/2'
The rats of formation of O2 by catalytic dioo:oution
of B0, at the RIE is 3 x‘cgzoz. vhere °;z°z is the
B,0, concentration at tha surface of the RDE. The
total rats of arrival of O, at the RDE is therefore

172 .1 s
N, ex. P W1/, 1 ) . (1.24)
o, 0,70, Z ‘c“2°z

The current dus to 2-electron o2 reduction is Zrﬂlo ¢

2
vhereas *hat dug to é-slactroa (:t2 reduction is

ar(l - !)loz. Tha total current due to v:)2 reduction
is therefore

1. = {arg e ard - 0)fx. P W12 4 1y " ] . (1.28)
0, [‘o2 0," T X4,

The current due to 8202 reduction is
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iazoz - 2!‘131:3202 - (1.26)

The total cuirsat is the sum of (1.25) and (1l.26),

. . 172 . 1, .8
i=2(2 nr(xozcgza +1x ‘c"z°z)
(1.27)

+ 2Fk nd R
3“5202

Rearranging,
. 172 , s (2-¢
1= 2p [(z t)Rozcgzu + c“z°z(k‘ I ka)] . (1.28)

The surface concentration of H,0, is found from a H,0,
material balance, as follows:

The rate of appearance of H,0, by 2-electron
reduction of O, is

- b 1/2 1 8
Reormation f(‘ozcoz" t3 k4°5202) . (1.29)

The rate of disappearance of H,0, by reduction is

R_.= k.c? . (1.30)
red k) 8202

The rate of disappearance of uzoz by catalytic
decomposition is

s
nd. - k‘e.uzoz . (1.31)
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The rate of loss of B > 2 by diffusion is

1,0, * 8,0 (202 Cazo) . (1.32)

At steady statae,

Reormation ™ Rrea * R'clecomp + l"!!202 ¢ (1.33)

So,
G172
£(K c + ) = kK
0, o2 i‘ 4°azo :4“11202
(1.34)

+ k.cB + 8 I 172
“4%8,0, * Fay0, (c“z°z c"z°z)u

Solving (1.34) for °§z°z' one obtains

T L\ 172
&K & +K )
' c* o. ™ ( 02 02

H,0,°H,0
292 1%
H,0, v o (1.35)

k3 + k‘(l - 2') + KH202

Substituting for cH o from (1.35) in (1.28), the
272 -

expression for the current is cobtained.

i = 2P(2 - DK, P 172

0,%0,"
(“o 0, * ¥u,0,° uzn2 1/2["4( I *ks]ll'm
k + k‘(l - + nazo \ )
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After rearranging, [1.36) berrmag

b h )
0 IX_. ¢ S C
0, O ‘nzo BR.,O
- 1/2‘ - b 2 72 2 272
i 2ru {2 !lto Cq. * “1,2 . (1.37)

? 2 2 Ko

22
1+k +k(1-£)
3 4 b

We can now derive simplified expressions for
some special cases. Let us first neglect {-eloctron
t.'.'t2 reducticn and catalytic 11202 decomposition, i.e.,
assume £ = 1} and k‘ = 0. Equation {1.37) reduces to

b
<
. %60, 8,0,

1
X ¢
0.0
1= 2rat/ 2 cg 1+ 2 1§z . (1.38)
r St | Knou
292
l +
3

This equation was used to calculate approximate values
for k3 wvhen using solutions containing both 0, and
11202.
When the l!zﬂ2 concantration is negligible
compared to that of 02 equation (1.318) becomas

i 2rx, D WM 1 7r\ - (1.39)
b S | ‘no"
2%
1l »
%y

This is ldentical to ths capression derived by Peters
{1970), equation (1.2)).




Whean tha 02 concentration is negligible compared
to that of B,0, equation (1.38) becomes

b 172
2 c v
(. 3202829

. {1.40)
%0,
1l K
k|

This equation vas used to calculate approximate valuss
of ka in 8202 solutions containing negligible amounts
of 0,. DMNote that eqns. (1.39) and (1.40), based on
the simplified reaction model, contain only one
unknown, kJ. which can thus be calculated using a
single i vs. .1/2 data point.

An interesting consequence of this derivation
is obtained for the case of very rapid catalytic
decomposition of Hy0,. Let us take a solution containing
O, but with & negligible amount of H,0, in the bulk.
Eguation (1.37) becomas

tx, ‘g
te2nt/Na-nx L o 72 . (1.41)
0.0 1/2
a 2 l" oY
2

2
x*kau:‘(x-;)

If catalytic decomposition is very rapid compared to
the rate of diffusion of #,0, /rom the surfacs of the

172
'Izoa"
RDE the terms will spproach zaro, and
K, ¢+ k‘(l . 5
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equation {1.41) can ba written ag follows:

i 4Pu1’7lozcgz i (1.42)
Such a case would thus be completely equivalent to
4-electron reduction of 0, and a plot of ilin vs. “1/2
vould not enable one to distinguish between thea.
This point is discussed further in Section 3.S5.
1.9 The Ring-Disk Electrode

The use of a rotating ring-disk electrode {RRDE)
to study reactions such as (1.22), wvhere a stable
interssdiate is produced, was first suggested by
Prumkin and Mekrasov (Tarasevich, 1968) and later
developed in more detail by Damjanovic, et al., (1966),
Tarasevich (1968) and Bagotskiji, et al., (1968).

The RRDE is essentially an RDE with & narrow,
coplanar, coancentric ring set close to the active
portion of the disk. A full theoretical trocatssnt of
the hydrodynamics and mass transport characteristics
of the RROE may be found in the papers by Albery and
Bruckenstein (1966), and Samyrl and Newman (1972).

Damjanovic, et al., (1966) developed a diagnostic
tachnique for detsrmining whether a reaction such as
(1.22) proceeds via single or parallel paths, vhether
intermediates are formed, and vhather they react further.
The limiting current at the disk, 15, and the corresponding

current at the ring, !.. aro measured at a serios of
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sveational speeds, w. The ratio I'I;E ig then plotted

against .‘1/2' resulting in a8 curve charsctesiseis
of the reaction mechanisa. This treatment does not
take catalytic H,0, decomsposition into acocount, and
thus can lead to errvoecus conclusions when such a
reaction is present to a sienificant extent, as was
shown in the previous section. {(e.g., eqn. (1.41))
The methods developed by Tarasevich {1968) and
Bagotskii, et al., (1968), do take catalytic H 0,
decooposition into account, and permit evaluation of
the four reaction rate constants, kl - k‘, of reaction
{(1.22). The former darived a set of simultansous
nonlinear equations for the ring and disk currents in
terns of kl = Ky necessitating data of at least
210.5% precision in order to obtain accurate solutions
for the rate constants. The latter, however, vere able
to derive a set of linear equations wvhich they claimed
permitted accurate evaluation of the rate constants
without requiring data of especially high precision.
The conclusions reached by the authors mantioned in
this section will be discussed in a later chaptar.
in studies on oxygen n;!ucﬂon kinetics, experimantal
results are quoted only for work performed with strongly
scidic or alkaline solutions vﬁ!.ch are of high purity.
By contrast, the prasent proiact was concernad with
oxygen raduction in seawvater, which is high in organic
impurities and has a pH close to 7. The kinetic data
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obtained with this gygtewm thus sumnlement +ha regults

obtained hy othay ressavechavs

1.10 Choice of Rlactrode Material

The material used as the active portion of the

RDE had to satisfy the follcwing criteria:

{a) Be a good catalyst for oxygen reduction, so that
polarizatian curves would exhibit a definite
limiting current platseau.

(b) Give reproducible reduction kinetics owver the
potantial range investigatad.

(c) Be inert in 3.5% NaCl and seavater.

Although there exists an oxtensive literature

on oxygen reduction at variocus electrode materials it

is difficult to chooss an electrode material on the

basis of published experimantal data. This is 80 hecause,

firstly, all results quoted in the literature were
obtained with very pure electrolytes, at pH values

close to either 1 or 14. By contrast the investigations

aade in this study involved neutral solutions which

were not purified, in order to simulate the actual
operating conditions in a dasalination plant as closely
a3 poesible. It has been demonstrated that the oxygen
reduction mechanism depends strongly on pH (Boanemay,
ot al., 1970, Damjarovic, et al., 1966b) and electrolyts
purity (Damjanovic, et al., 1967a). Second, over half
the papers surveysd wers concerned solely with the
mechanisn of oxygen reduction and describad polarization
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only at curreants an ordsr of magnituds delow tha
liziting valuoe. In such cases the mors active mstal
was tiken to be the one vhere a higher current density
for oxygen reduction occurred at a given potential.

Khomutov and Zakhodyakina (1970) measured
polarization curves for oxygan reduction on RDE's made
of 38 different mstals, under identical experimsntal
conditiocns. They plotted the half-wave potential, !1/2'
for each metal vs. itg atomic number. The half-wave
potential is the potential at the inflection point
on the polarization curve, and is one measure of the
ease of reduction of oxygen at a given mstal. Thes
mcst favorable valuess of 31/2 ware cbserved for Cu,
Ru, X, P4, Pt, and Au. Additional electrode materials
vhich will be discussed below, because of their frequercy
of appearance in the literature, a:e Ag and graphite.
Copper and Silver

Copper oxidizes relatively rapidly in air; silver
oxidizes much more slowly. If these metals were used
as slactrodes in seavater, corrosion due to both
anodic dissolution, and local cell curreants might be
expacted. MNevertheless, since a copper RDE was
available and a silver RDE could be quickly sade, they
were briefly tested to assess their rate of corroeion.
Platinum

More is known about oxygen reduction on Pt than
on any other metal (e.g., Hoare, 1368). Well-defined
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limi+dine onrrent platesnxy corvesponding to +ha overall
zeactien:

0, + 28,0 + da - 408" {1.21)

were cbtained by Miiller and Mekrassow (1964), Oshe, et al.,
(1965), Peters (1970), and Yuzhanina, et al., (1970).

Many other authors have obssrved an apparent nucber

of less than {-electrons transferred per mole of

oxygen in the above reaction. Damjanovic, et al., (1966b)
ascertained that the following reactions:

+ -
02 + 2H ¢ 2¢ -~ 8202 (1.4))

+ - BlOW
Hy0, + 25" + 2e 1 24,0 (1.44)

occurred as parallel rsactions to the 4-electron

raduction. The extent to which either reaction path
predoainated was dependent on the experimental conditions
and the electrode material. Since the Hy0, reduction

is known to be comparatively slow under certain conditions,
the number of electrons passed per mole of o2 reduced

will be less than 4 if:

() Direct &-electron reduction (1.21) is absent,

and the 5202 reduction step (1.43) occurs slowly,

or
(1{) Direct é-electron reduction is present, and H,0,

reduction ja either slow or does not occur.
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Since {-electron s*~ichiometry had been cbwerved
on platirum in a nsulia«l solution (Paters, 1970) and
it satisfied the ciitsria for an electrode material,
a platinum RDE was used in this study.
Gold

Genshaw, st al., (1967a) and Tarasevich, et al.,
(1970) observed a limiting current due to 2-electron
reduction at a gold electrode. At more cathodic
potentials, using the same electrode, a limiting current
correspanding to {-elactron reduction also occurred.
Cinay, et al., (1969) observed only 2-electron reduction
in alkalina golution. It was felt that even if kinatic
factors prsventad the msasurement of a limiting current
for é-electron reduction, it might still be possibls
to measure a '2-electron’ limiting current. Morecver
gold is used in many commercial oxygen sensors and is
therefore of special interest, 8o it too wvas investigated
in thig gtudy.
Palladium

According to Hoare (19€F%) P4 is a poorer B,0,
decomposition catalyst than Pt. This indicates that
in the limiting current region, kinetic limitations
would rasult in a poor limiting current plateau at a
Pd electrode.

Damjanovic and Brusié (1967) investigated 0,
reduction at Pt, Pd, and Au slectrodes and found that
the activity of Pt was almost an order of magnitude




yowater than +h=t of Pd, ir the current denaity range
1077 - 1072 a/ca®. These authors also concluded +hat
the oxygen reduction mechanism was the same at Pt and
Pd. It was decided that, since the zuz envisaged ip
this present study would ultimately be used in
applications vhere the current density would be below
10”3 a/ca?, no advantage would be gained with a Pd
elactrode.

Ruthenium .'

Nekrasov and Xhrushcheva (1967) msasured
polarization curves for oxygen reduction at Ru and
found that the low rate of H 0, reduction obscured
the limiting current plateau. Ruthenium was therefore
not considered for further study.

Rhodium

Xhrushcheva, et al., (1967} found that the limiting
current for 0, reduction at Rh in 1 N 8250‘ was equal
to the current predicted by the lavich equatioa.
Radyushkina, et al., {1970} found the same to be trues
in highly alkaline solutions, although Hekrasov, et al.,
(1968) obtained limiting currents equal to only 85%
of the Ltheoratical current in 0.1 H XOM. They found
that the rate of reduction of nzoz on Rh was only 10%
of that at a Pt olectrods.

Genshav, st al., (1967b) investigated O, reduction
in 0.1 W H,80, and 0.1 N KOH, both purified and

unpurified, or "impure®. They found that only in very
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pure solutions was &-alectron reduction observed at
the limiting current. In impure acid solutions the
current dropped quickly when the electrode was polarized,
and in ispure alkaline solution slow H,0, reduction
limited the current. The authors concluded that the
machansim of 0, reduction on Rh vas similar to that
cbserved with Pt. In view of this, and tha fact
that this study was ~~ncerned only with unpurified
solutions, it seemsd inappropriate to conduct any
experimants with an Rh electrodae.
Graphite

Tarasavich, et al., (1968) and Yeager, et al.,
(1964) obtairc” limiting current plateaux for 2-slectron
reduction at pyrolytic graphite in alkaline solutions.
The former found that, as the pH was decrsased to about
12, the plateau became less distinct and finally
disappeared. Morcos and Yeager (1970) found that
kinetic limitations led to an apparent number of less
than 2 electrons discharqged per mole of o2 reduced, in
1 M KOH with 1’02 = 0.97 ata, at high-pressurs anngaled
pyrolytic graphite as well as at cleavage-surface and
ordinary pyrographite.

Sabirov, et al., (1970) obtained a platesau for
2-electron O, reduction at pyrolytic graphite in

in B,80,, but no plateau was cbserved when P, vas

O
2
lowered fyom 0.97 to 30.2) ata. Sadbirov and Tarassvich

. (1969) found the 02 reduction rate to be lower on

M



vitreocarhon than on pyrolytic graphite. It can be

PO < 0.01 atm a limiting current plateau would not be
2
expected to occur at a graphite electrode. Accordingly

no experiments were conducted vith a graphite RDE.
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CHAPTFER 2: APPARATUS ARD PROCEDORF

2.1 Exparimental Armaratuz
The RDE cell (Plate 1) was miade from a Kimax
tempered-glass reduction fitting, 7.6 cm. I.D. at the
base, 5.1 on, 1I.D, at the top, and 13 cm. long. It
wvas flange-mounted on a polypropylene base 2.5 cm.
thick. The cell was made airtight by means of a
flange-mounted clear plastic 1id with an O-ring seal.
Several RDE's were used: one of these is shown
in PI;;Q 2. Each electrode had a stainless steel
shaft 32 cm. long and 1.3 cm. in diameter, machined
to 0.6 ca. diameter for the lower 1 cm. of its length,
The material to be used as the active portion of the
electrode was soldered to the end of this reduced
portion of the shaft, and machined concentric with the
shatt. The lower 10 cm of the shaft was set in
Cargille "Araldite 6005" epoxy resin, vhich was
machined to the smooth bell shape shown in Pig. 2.1.
The average diameter of the disks used was
4.7 cm.; the average thickness was 0.15 cm. The active
portions averaged 0.6 cm. in diameter. The ratios:
(1) disc diamster / diameter of active portion,
{11) disc diameter / shatft diameter, and
(1i1) disc thickness / disc diameter
satisfied the criteria summarized by Riddiford (1966).

The flat under-surface of each electrode was
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Plate 1. The RDE Cell.




Plate 2,

Rotating Disk Electrode.



policrhed peine increasingly fine abrasive papers or
powders. Final volishing was done weim~ Bushlar 113,
*Metadi® 1l diamnnd polishing compound, which resulted
in a mirror-like finish. The rugosity of the polished
disks was an order of magnitude lower than the

smallest boundary layer thickness (approx. 25 u) en-
countered, so no boundary layer disruption was envisaged.

A C/R rubber oil seal prevented air ‘rom leaking into
the cell where the electrode shaft passed through the
cell 1id. The shaft was held in twvo bearings mounted
in an aluminum casing. It was driven by a 1/8 H.P.
Servo-Tek STE-2)0T-1A, variable speed D.C. motor with
a range of 0 to 3600 RPM, via a notched rubber belt,
with a 1:1 gecr ratin. The selected motor speed vas
held constant by a Servo-Tek ST-579-1 controller/
rectifier. The rotational speed was measured with a
General Radio Corp. “Strobotac,” Type 631-B, strobo-
scope.

Electrical contact with the electrode was main-
tained by means of carbon commutatore in contact with
4 copper sleeve placed over the upper end of the shaft,

The countsr-e.ectrode vas a circular piece of
platinum foll with an area of about & cuz., placed at
ths bottom of the coll about 2 cm. from the RDE, A
platinum wire spot~weldad to the countsr-electrode
passed through the base of the cell to facilitats

electrical contact with the electrode.

»
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A Cnrning saturated calome] plectrnde (SCE) was
piaced in a 1.5 cm. diameter open cell, vhich was
connected by "Tygon® tubing to a Luggin capillary pro-~
truding through the base of the RDE cell, The end of
the capillary was about 2.5 cm. from the active portion
of the RDE. This distance was sufficient to ensure
that the capillary would not disrupt the hydrodynamic
situztion near the RDE. The potential drop in the
solution between the RDE and the reference electrodse
vas negligible, due to the high ealectrical conductivity
of the test solution,

The potential of the RDE relative to that of the
SCE was controlled by a McKee-Pedersen MP1026 potentio-
stat. The current i{n the external circuit wvas
seasured as a potential drop across a 1600 precision
resistor, using a Sargent SRGC millivolt recorder.

The potential selector of the potentiostat was
modified slightly {n order to permit rapid switching
of the RDE between anodic and cathodic potentials for
electrude pretrcatment. A sodification was also made
to allow the potentiostat to warm up without putting
an electrical signal through the RDE circuit. These
nodifications are shown diagramatically in Pig. 2.2.

The saturator (Fi9.2.1.) was an all-glass vessel
in which a test solution was brought to a desired
oxygen concentration before heing pusped to the RDE

cell. Oxygen, air, or a known ainture of Hz and 02.
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was bohhled through the solution via a fritted eylinder,
A glass thermowell which accomodated a standard thermo-
mater extended almost to the hottom of the saturator.
Stirring was done by a Teflon-coated stirrer bar and an
ajr-driven magnet. A rubber septum could be attached
tc a port at the base of the saturator by means of a
ball joint whose male connector had been ground down by
about 2 mm. Samples could be withdrawn, or reagents
added, via this septum using a hypodermic syringe.

Test solution was pumped from the saturator,
through a heat exchanger, to the bottom of the RDE
cell using a Masterflex 7020V-14 tubing pump, capable
of pumping rates between 7.5 and 150 ml./min,
Solution flowed upward through the cell past the RDE,
Varying the pumping rate from its minimum tu its aaxi-
mum value was found to have no effect on the rate of
mass transfer to the RDE. The heat exchanger consisted
of glass coils with a total length of 290 ca.,
immsrsed in a constant temperature bath. The cell
inlet was about 5 cm. from the bath, so it could be
assumed that the temperature of the solution entaring
the cell was effectively equal to that of the solution
leaving the heat exchanger.

The bath temperature was controlled within 0.5°C.
Stricter temperature control was not necessary in this
study for the following reason:
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The Renry's law constant for oxygen in a saline medium

decreases with increasing tumperature, while the term

0.6205 Sc'2/3v1/2 » from the Levich
1+ 0,298 5¢ /3 4+ 90,1451 sc”%/3

equation, increases. The product of the two terms is
affected very little by changes in temperature.

Table 2.1 shows that the theoretical limiting current
denaity for oxygen reduction in a 3.5% NaCl solution,

for example, increases by an average of only 0.3V for

each 1 C® rise in temnerature over the range 20°C-30°C.

TABLE 2.1
Variation of 1/u1/2 with Temnarature

. 1/&1/2 ) i/“1/2
Tt (mA.sec'/2/cn.?) T(*c) (lA.sec}/z/cn.z)
20 0.07670 26 0.0782%
21 0.07692 27 0.07851
22 0.07714 28 0.07878
23 0.07734 29 0.0789%0
24 0.07769 30 0.07930
25 0.07795

An overflow tube was located 2 cam. from the top
of the RDE cell. Solution leaving the cell returned
by gravity to the saturator.

Gas leaving the saturator after bubbling through
the test solution was brought into the top of the RDE
cell. It circulatod as a gas blanket above the over-
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flowing sclution, left via an outlet on the opposite
nide of the orll, and was releagsed to the atmosphere

throsgh a tubbler with a head of about & c=. H.0. 2Asa

2
mentioned earlier, liquid samples could be withdrawn

from the saturator. They could ailso be pumped into
the saapler described in Chapter 6 by diverting the
flow downstream of the pump.

All tubing in the system, with the exception .
of the pump tubing, was of glass. Most connections
were made with 12/5 ball joints. Wherever "Tygon"
tubing was used in connections for the sake of flexi-
bility, its length was kept to a minimum. Gas cylinders
were connected to the system using 1/4" copper tubing
and swagelock fittings.

2.2 Electrolytes and Their Preparation

In many experiments a 3.5 weight % NaCl solution
was used as the electrolyte. Reasons for its use are
discussed in Section 1.6. The solution was made using
Mallinckrodt "Analytical Reagent® grade 99.96% pure
NaCl, and distilled water which was piped to the labora-
tory. It was stored in a refrigerator to inhibit the
growth of'nicroﬁrgnnis-s.

Seavater from Bodega Bay, California was used
in all other experiments. Seawater in its natural
state contains an abundance of microdrganisms which

may multiply rapidly during storage and have an adverse
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effect on electrolytic experimeuts. To prevent thig
the following procedure was adopted when collecting
and storing seawater samples.

The seawater was prmnad yia a polypropylens line
from a point one-half mile offshore. The line was
flushed for 10-15 minutes before samples were collected
in thoroughly washed and dried bottles. Within 24
hours cf being collected the seawater was filtered
through Millipore HAWP 142-00 filters with a pore sixe
of 0,454, using a sterilized Buchner funnel. The
filtrate was stored in sterilized vessels, in a
refrigerator.

2.1 Blending and Analysis of N,/0, Mixtures

Initially, the szoz ratio was controlled by
mixing separately metered flows of N, and 0, at a
point 70-80 cm. upstream of the saturator, When
working with gas mixturea containing less than 0.5 vol.
$ 0, the "2/02 ratio was so large that either a very
high N, flowrate or a very low O, flowrate was required.
The former wvasted "2' vhile the latter was difficult
to control,

This problea was circumvented by blending N,
and 0, mixtures, by forcing high-pressure o, {nto a
cylinder of N, vhich vas at a lower pressure. Tha 0,
concentrations of the gas mixtures wers checked by
fnalrting 2 ml. samples with a Varian Aerograph A-90-p
gas chromatograph. The instrument incorporated an
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0.6 mm., diameter colum: 3.3 meters long, filled with
"SA" molecular sieves and held at 125°C. The wicrkael
filaments of the thermal-conductivity detector were
held at 160 °C. The carrier gas was helium, flowing
at 80 ml./min.; the reference gas flowrate was 8 ml./min.

The air used to saturate soclutions in some ex-
periments was taken from an outlet in the laboratory
and contained a very small amount of oil. Before
entering the saturator the air was cleaned by passing
it through a wash bottle packed with glass wool.

2.4 Procedure

The experimental work can be divided into two
broad categories: that in which the test solution was
saturated with air, and that in which an Hzlo2 mixture
containing less than 20 vol. % 0, was used. 1In the
former case no special precautions were taken to ex-
clude atmospheric o2 from the system, and the o2 content
of the test solution was determined by means of
solubility tables (e.g., Truesdale, et al., 1955). 1In
the latter case the flow system was purged prior to
the experiment with the same gas az was used in the
saturator.

The test solution was added to the saturator;
refrigerated solutions were first warmed to room
tesperature to prevent gas bubblos from coming out of
solution in the cell. |
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The onset of equilibriuk between the test
solution and the gas was sometimes hastened by remnving
most of the dissolved oxygen from the solution before
feeding it into the flow system, Approximately one
liter of solution was boiled in a 2-liter round-
bottomed flask for 1/2-1 hour while N, was bubbled
through the sclution. The solution was cooled to room
termarature, whereupon it was pumped by “2 preassure
into the flow system. This treatment was only used
for NaCl solutions, not for seawater.

A gas flow of about 200 ml./min. was maintained
in the saturator while the test solution was pumned
around tne flow system, If Bzo2 solution was to be
used in an experiment the Hzoz was injected into the
Circulating NaCl solution through the septum on the
saturator. The potentiostat and recorder were warmed
up for about thirty minutes before measurements were
made. The approach to steady-state 0, concentration
in the system was checked occasionally by measuring
the 0, reduction current at a potential in the limiting
current ragion. When two identical current readings
were obtained half an hour apart the solution was
considered to be in equilibrium with ths gas in the
saturator, and data could then be taken.

Polarization data were taken by recording the
current flowing between the RDE and the counter-

electrode as a function of RDE potential. The
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potential was mrde cathodic in 100 nV steps, beginning
at or near the rest potential, and ending when the
current increased rapidly at the onset of H, evolution.
The same procedure was often repeated in the opposite
direction. These polarization data were taken with

the electrode rotating at a known rate between 600 and
800 RPM. The rotational speed was then increased in
steps; the current at a fixed RDE potential in the
limiting current region was recorded at each step. The
paximum spIsd of rotation was limited by the formation
of a vortex which gradually extended under the RDE.

Samples of the test solution were withdrawn
and analyzed for 0, or H,0, by means of the Winkler
titration, or a modification therecf, respectively.

The analytical technique is described fully in
Chapter 6.

After each experiment the flow system was dis-
mantled. The cell, saturator, and heat exchanger
coils were cleansd with detergent and water, rinsed in
tap water and then with distilled water. The saturator
was occasionally soaked in chromic cleanser overnight.
This was followed by rinsing with tap water, soaking
in distilled water with detergent, and finally, rinsing
with distilled water. The RDE was soaked briefly in
2N HNO,, then rinsed with distilled water.

49
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3. Polarization and Xinetic Data Ohtainad With a
Platinum RUE

3.1. Scope of this Chapter

The first section of this chapter is devoted to
a discussion ¢f the transient nature of the current
for O, reduction at a platinuam electrode in air-
saturated 31.5% NaCl solution. The techniques used
to activate the electrode and measure polarization
curves are described. Polarization curves measured
in 3.5% NaCl solution and seawater at oxygen levels
between 0.1 and 7 ppm, are shown.

The rate constant for electrochemical H,0,
reduction is calculated using a simnlified reaction
model, and is compared with values published in the
literature. The shortcomings of this simplified reac-
tion model are discussed with the ajd of the expanded
reaction model derived in Chapter 1. Pinally. the
values of the H,0, reduction rate constant obtained in
this study are plotted against electrode potential,
and the resulting correlation is compared with one
given in the literature.

3.2, Transience of the Oxygqen Reductjion Current, and
Electrode Activation Technique

The current dus to 0, reduction at an ROE held
at a constant cathodic potantial was found to decreass
with time to a steady-state valus. This behavior was
also observed by Peters (1970), as well as by a number
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of other investigators {see Section 4.2). Some typical
current decay curves are shown in Pig. 3.1.

The rate and extent of current decay were found
to depend on both the oxygen concentration and the
electrolyte used. In all cases the rate of decay was
initially high, then decreased after about 5 sec.
Peters noted that the current steadied out for about
2 minutes :iter this initial transient before slowly
decaying again. Such behavior was observed in this
study o%ly at oxygen concentrations of above 7 ppm in
3.5% NaCl. At all other times a continucus current
decay was observed. In the potential region of the
limiting current, however, the decay curve was much
flatter than at potentials below those of the limiting
current.

The current could be restored to its initial
value by holding the RDE at an anodic potential for
several seconds. The electrode was then said to be
in an "activated” state. The potential and duration
of anodization had only a minor effect on the subse-
quent beshavior of the electrode. This topic will be
explored in more detail in Chaptec 4.

It was observed, as in Peters' work, that
shortly after the initial transient, about 0.2 ain.
after electrode activation, the current was within

1% of that predicted by the Levich equation. The
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following procedure was therefore used to measure
each poiat on the polarization curvea: After anodi-
zation 2t 0.5-1.0 volts vs. SCE for several seconds
the potential was made cathodic and the current was
recorded continuously. The current at (.2 ain after
the switch from anodic to cathodic polarization was
plotted against the potential. This procedure was
repeated for each stepwise increase in the cathodic
potential.

Pig. 3.2 shows a poclarization curve measured
by this technique. The limiting current plateau is
well-defined and the current at the plateau is equal
to the theoreticsl limiting current. The lower curve
in Fig. 3.2 4is a plot of the steady-state, or
*declined”, current vs. potential. It shows no evi-
dence of a limiting current plateau,

It appears that, under conditions identical to
those of Run 86, the platinum PDE could be used as an
instrument for measuring 0, concentration. The limi-
ting current would be found from a polarization curve
using the technique outlined above, and the !evich
equation (1.20) would then be used to calculate the
0, concentration. It must bo po.nted out that this
method is not entirely based on theory. The time at

which to ssasure the current after actjivation of the
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elartreds w33 deterrmicoed smmivicaly,

This time factor is hard to juestify either on
thc basis of xnowa elactrode surface phenoaena or oOn
the characteristics of the electronic egquipment used.
The time required for the formation of the mass
tranafer boundary layer is generally considered to be
on the order of 0.1 sec. The response time of the
potentiostat to a step change in potential is approxi-
mately 100 aV/usec. A step change from a potential
cf +1.0V to -0.8V would therefore take 18ysec. The
full-range travel time of the recorder is less than
1 sec. The sum of all these terms is on)y about 1.1
sec.

The initial and subsequent transients may be
caused by adsorption or desorption of impurities
present in the sciution, as well as reduction or
desorption of oxygen species adsorbed at the surface
of the electrode during activation. These and other
possibilities are discussed in detail in Chapter 4.

The best justification for the use of the
empir:cal time factor is the fact that it gives very
good results. Pig. 1.3 shows sets of polarization
curves msasurcd by reading the current at each elec-
trode potential at various times after activation,
Por a time of 0.1 min. the platsau (or inflection

point, at lower 02 concentrations) ousurs ot a curcent

3



0.7 ] 3 r i

Theoretical
Limiting
Current
(Eqn.1.20

0.6} 0020
6:- s
=3
5]
.
<«
E
= 0.5} -10.0I5
("]
c
Q
o
§ Theoreticol
- Limiting
3 Current
04 - (Eqn |20)-1).0|0
Time Elopsed Since Activation
(a) Zero
(b) O.! min
(¢} 0.2min
(d) 0.3 min
0.3 | | [ | 0.005

0O -02 -04 -06 -08 -10
Potential vs SCE (volts)

. Pigure 3.). Variatfon in Shape of Polarization Curve
. with Timo Elapsad Since Activation.

56




apove the thanvetical valoe.

Osing & time pf 0.3 min, the platean occurs
at too low a curvene  Thiz 1325y effect ia of isas
imporrance at a “high® 0, concentration of 7 ppm
than at the lower, 0.12 ppa, level. The optimum
tine at which to read the current is seen to be at,
or very close to, 0.2 min. for a wide range of 02
concentrations.

An empirical means of “correcting® the surrent
decay curve to eliminate the initial transient, wvas
investigated. wWhen the electrode was held at the
rest potential the current decayed from a non-zero
value to a steady-state value of zeroc within about
0.2 min. It was thought that if this rest-potential
transient were subtracted from the current decay curves
obtained at more cathodic potentials these latter
curves might be flattened to such an extent that the
corrected current imsediately after anodization would
be equal to the theoretical limiting current. Fig. 3.4
shows some corrected decay curves. They are somewvhat
flattened, but not to the necessary extent.

The question of what happens at a platinum
electrode during anodic activation, and the extent to
which various factors contribute to the subsequent
decay: in current, are very complex. They will be dis-~
cussed more fully in Chapter 4. The remainder of
this chapter will be devoted to polarization and kinetic
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data obtained at a platinyag RDE,
3.3. Pplarization Data
3.3, 3.5% Rall S0lution

After a well-defined polarization curve haad
been consistently obtained for an air-saturated KaCl
solution, as described in section 3.2., the O, concen-
tration was reduced approximately fourfold. Pigure 3.5
shows the pclarization curve obtained at an 0, concen-
tration of 1.7 ppm (upper curve). Tha limiting current
plateau was not as well defined as at the higher 0,
level. However, the current at the inflection point
of the curve was within 2% of the theoretical value.

The polarization curve obtained at 0.77 ppm 02
(Pig. 3.5 , lower curve) was similar in shape to the
curve for 1.7 ppm O,. The slope in the limiting current
region of the former curve is decreased because of the
compression of the vertical axis. The current at
the point of inflection of thiz curve was again very
close to the theoretical value.

At an o2 concentration of 0.12 ppa the polariza-
tion curve (Pig. 3.6 ) was markedly S~shaped. This
also occurred at 0.07 ppm 0,/ (Fig. 3.7 ) the lowest
concentration used in this series of experiments. In
ea~h case, however, the current at the inflection point
was within a few percent of ;hat predicted by the

Lavich equation. At any given 2, concentration the
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Pigure 3.5. Polarization Curves for Oxygen Reduction

4t an Activated Platinum RDE in NaCl

Solution at 1.7 ppa O, (upper curve)
and 0.77 ppm O, (lowe$ curve).
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62




inflection point always occurred within about + 30 aV of
a fixed potential. This potential was a function of 0,
concentration, as explained in Section (3.7.)
3.3.2, Seawater

In air-saturated seawater the polarization
curve obtained (Fig. 3.8 ) was very similar to that
obtained in air-saturated 3.5% NaCl solution (Fig. 3.2 ).
The limiting current plateau was vell-defined and the
limiting current obtained was within 1-2% of the
theoretical value. Apparently, then, at the 7.2 ppm
o, level the many organic and inorganic constituents
of seawater did not interfere with 0, reduction at
the RDE. Note, however, that H2 evolution commenced
at a mnre anodic potential in seawater (Run 75) than
in NaCl solution (Run §6). Reasons for this are dis-
cussed in Section 3.7.

The 02 concentration was then lowered by almost
two orders of magnitude. At 0.09 ppm 02 {Fig. 3.9 )
in seawater the polarization curve wag again similar
in shape to that obtajined in 3.5% NaCl. However, the
current at the point of inflection on the seawater
polarization curve was consistently about 20% higher
than the theoretical current.

Part of this discrepancy can be accounted for

by comparing the current due to reduction of certain
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imie species in seawater with the 0, redaction
current. The ionic species expected in seawater which
are raducible in the same range of potentials as 0,

2 3 2

are Cu' s ast . Pe+3, and Ph'4. The limiting current

for the reduction of any species in solution is approxi-

2/3_ b . ama
i nici' The relatively 11

mately proportional to D
effect of diffusivity on the other terms in the Levich
eqﬁation is neglected here. Unfortunately the concen-
trations of these trace ionic species, in fresh sea-
water, vary; they may also increase in seawater which
is processed in copper or steel equipment. However,
the range of concentrations in which they are usually
found in seawater can be used to estimate their maxi-
mum and minimum contributions to the RDE current at
the 0.09 ppm 0, level.

The calculations are summarized below in Table
3.1. The diffusivities of all the ions are assumed

to be approximately equal to that of Cu+2

6 x 10°°

, viz,

cm%/sec.(Selman, 1971).

TABLE 3.1.

Contributio~ of Reducible Ionic Species to
the Limiting Current in Seawater

REDUCIBLE CP(mg.atoms/1.)x 10° n, /3. cPn,p;2/3

spzCIes ! Min. Max. ' x 100 00T
cut? 0.02 0.20 2 0.33 0.013 0.132
As*3 0.15 0.30 3 *~  0.149 0.297
pet3 0.03 0.30 1 " 0,010 0.100
pbt2 0.02 0.92 2 " 0.013 0,013
0, 2.80 A 0.74 8.29
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By adding known smemmts of ret3 and Cu‘*z salts to XaCl

solution it was confirmed experimentally that these ions
are reduced in the potential range for 02 reduction
ard that tke value of DCu+2 - DFe+3 ~ G:n:l.o'6 cnzlsec.

The maxipum end minimum values of the ratio:

D b, p2/3 b _2/3
cyn by Z: C{n04
reducible reducible ionic
ioniz apecies/ species + o,

are 0.06]1 and 0.022

respectively., The maximum ionic contribution to Che
current at an 02 conc. of 0.09 ppa {s therefore about
64 which accounts fnr about 308 of the observed dis-
¢crepancy between the axperimental and theoretical
currents. At least 708 and as much ac 908 of this
discrepancy, therefore, auat be attributed to reducible
organics present in the seawater, or tdO other causes.

3.4. Kinetic Data Obtained in Oxygen~Containiny
Solutions

3.4.1. Afr-saturated, 31.5% NaCl Solution

A plot of limiting current vs. ullz for a Pt RDE
in air-saturated NaCl solution is shown in Fig. 3.10.
All current readings were taken 0.2 minutes after
activation of the RDE. Ar in Paters' work, this curve
shows 0 increasing deviation from the theoretical
straight line {(egqn. 1.20 ) with increasing rotational

speed. In the Introduction it was pointed out that
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behavior of this type agraes well with a model in which
H,0, redoction is the rate-determining gram in the
averall redustinn of 3, o HZO. Carves of § vs.asllz
were also measured for electrodes at which the current
had reached steady state (declined electrodes) as
follows: After the polarization curve had been
Beasured for an activated electrode, as described in
Section 3.l., the electrode was ancdized and then held
either at a potential slightly anodic to the Hz-evolution
potential, in the case of air-saturated solutions, or
at the inflection polnt potential, in the case of lower
02 concentratjons. The current was allowed to decay
to a steady-state value. The rate of rotation of the
RDE was then increased stepwise and the current
corresponding to each rotational spscd was recoraed.
The curves thus obtained are discussed in Section d.3.
The reaction rate constant (k3) fer H,0, reduc-
tion at an activated platinum surface was calculated
using eqn. {1.23 ). The results are zhown in Table
3.2 , in addition to those obtained in a similar

experiment, and those obtained by Peters in air-

saturated solution.
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T 3.2

Reaction Rate Constants for Hzg2 Reduction in Air-
saturated NaCl Solution

1/2

Tsec _1/2) k3(cn./aec.l

. Run 83 Run B6 Peters(1970)
8.2 0.127

3.3 0.308¢* 0.192¢+ 0.118
10,35 0.119 0.115 0.118
11.3 0.232¢ 0.105
12,1 0.101 0.115 0.110
12.9 0.110 0.106

13.€5 0.112 0.103

Meaan 0.11040.009 0.109+40.006 0.118+40.008

When calculating mean k3 values the spurious
results indicated by asteris¥s were rejected. This is
justified in the case of the lower values of w since
at small o the experimental current was very close to
the theoretical value. Close inspection of Eqn. (1.23 )
will confirm that small errors in the experimental
value of ilin can lead to relatively large errors in
the calculated value of k4 under these conditions.

The kJ values obtained in this study agree
closely with each other, and also agree quite well with
thcse of Peters. The value of thg 1,0, diffusion co-

efficient used in calculating k3 differed from that

10



used by Peters, as explained in Section 3.5.2. @Reters’ l
k4 values were corrected for thig difference in i
diffusion coefficient for inclusioz in Tabls 2,2, :
3.4.2. Air-saturated Seavater

A plot if ilin vs. ml/z for air-saturated sea-
water (Fig. 3.11 ) is similar to that obtained with
NaCl solution. Rate constants for 8,0, reduction
were calculated and are simmarized in Table 1.3. They
are somewhat lower than those obtained for the NaCl
solution, especially in the case of Run 65. A detailed
digcussion of this subject appears in Section 3.6.
3.4.3. Low 0, Concentrations in NaCl Sclution.

Figure 3.12 shows the dependence of iiymon
ul/z at an O, concentration of 0.12 ppm. This plot
ia similar in shape to that obtained in air-saturated
solution.

Reaction rate constants evaluated at 0.77 ppa
and 0.12 ppm O, are listed in Table 3.3. These values
are significantly lower than those measured in the
same medium At air~-saturation. This implies that the
rate constant for Hzo2 reduction is dependent on the
oxygen concentration in the bulk of the solution, a
result also obtained by Peters (1970). This in turn

suggests that the reaction rate ccnstant is dependent

on the Hzo2 concentration near the RDE surface, since

7l
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TABLE 3.)

Summary of N,0, Reaction Rate Constants Measured Exparimantslly and Found i{n the Literature.

SOUNCE

Run §)

Run 04

Patera(1970)
Run 43
Man 73
han 34
ftun 39
Pun 80

Damjanovic
et al. (1967d)

MEDIUN

3.5% NaC}

J.5% maCl

.30 NaCl

0.1258 xON
(v. pure)

0.1N KOB
({v. pure)

Oz COMCENTRATION
(ppm)

7.18 (Air-sat.)

7.10 .
.58 .
7.18 .
7.1% .
0.77
0.12
~0.0) ppm oz
+ 1.39 20" 0,
~0.0) ppm oz

-3
¢+ 3.08 10 ", uzoz
Saturated with o,

k

3

(cm./sec.)

0.110
0.109
0.118
0.060
0.073
0.06)
0.058
0.118

0.034

0.03¢
0.00?

I+ Is )¢

1+ |+

Ie e

1+

I*

0.01
0.01
0.000
0.005
0.01
0.00¢
0.0l
0.006

0.001

0.005
0.008

POTENTIAL (VOLTS
V8. BCE UNLESS
OTHERWISE STATED)

-0.70
-0.70
-0.00
=-0.60
-0.60
-0.40
=0.30
=-0.63

-
[

bbbt 117
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one 3202 molecule is formed at the RDE for every 02
molecule being reduced. It thus appeared appropriate
to include in this study of o, reduction an investi-
gation of B,0, reduction as well.

3.5. Kinetic Data Obtained in H,0, Solutions

3.5.1. Choosing Appropriate 3292 Concentrations

Because of the apparent dependence of the 8202
reduction rate constant on H,0, concentration it was
thought that kinetic data measured in H,0, solutions
should be measured under similar conditions of H,0,
surface concentration to those which were present in
the 0, solutions. Every mole of O2 reaching the RDE
in an o, solution gives one mole of azoz, if 4-electron
reduction is neglected. 1In the 8202/3.51 NaCl solutions
used, therefore, 0, was replaced by Hzo2 on a one-to-one
molar basis. Thia technique was only approximate.

The error, caused by neglecting the fact that 4-electron
reduction would reduce the amnunt of nzoz being pro-
duced at the RDE surface in o, solution, is cancelled
toc an indeterminate extent by the fact that DHzoz <
Doz.

It may be of interest to point out that in
Run 83, the surface uzoz concentration, calculated by
substituting the calculated k3 value of 0,11 in

eqn. 1.35.(f=], k‘-OJ was 1.6 x 10"!. By contrast,
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the 0, concentration in Run B3 was 2.2 x 10-‘H, three

orders of magnitude larger.

3.5.2. Polarization Data and Rate Constants for Hzgz
Reduction in 5292 Solutions

The polarization curves measured at two 3202
concentrations are shown in Pig. 3.13, The 5202 con=
centration of Run 80 was 1.89 x 10'4H, corresponding
on a mnlar basis to an O2 concentration of 5.1 ppm,
about 75% of air-saturation. That of Run 81 corres-
ded to an 02 concentration of 1 ppm.

NHo plateaux were observed in these curves, but
points of inflection did occur. The currents at
these points were assumed to be limiting currents,
analogous to the situation in 0, solutions, and were
80 recorded,

It was difficult to check the experimental
results with the theory because the diffusivity of
H2°2 in saline media is not well-known. Schumh (1955)

quotes a range of values between 0.9 and 1,59 x 107>

cm.zfaec. in H,0. Myuller and Nekrasov {1964) found

-5 2
03202 in 1IN sto‘ tc be 1.6 x 10 © cm'/sec. The
limiting currents recorded in Runs 80 and 81 were
used to estimate the diffusivity of “z°z in 13.5% NaCl
at 20.C. The polarization curves were corrected for

trace o2 before DH 0. ¥as calculated, and it wvas
22

assumed that the curcant for H,0, reduction was

16
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egual to that predicted by the Levich equation. The

values obtained were 1.65 x 1070 -3

and 1.68 x 10
respectively. These values are higher than thosgse gquoted
by Schomh, and the value of 1.3 x 107> used by Peters
(1970) , but agree well with those of Myuller and
Nekrasov (1964), in 1IN H2504.

It is possible that the currents measured in
Runs 80 and 81 were somewhat below those corresponding
to pure diffusion limitation, because of slow 8202
reduction. The calculated values of Dazoz may there-
fore be a little low, but are probably not high. Since
the 3.5% NaCl medium (0.61N in NaCl) was more similar
in ionic content to 1IN sto‘ than the azo. and the
temperatures were also similar, the agreement between

the DH 0 values found in this study, and the value

272
found by Myuller and Nekrasov, is reasonable to expect.
Accordingly, the value DH = 1,65 x 10'5 cm./sec.

(o}
272
was used when calculating k3 from experimental data.

Curves of ilim vs. wl/2 for Runs 80 and 81
are shown in Pig. 3.14. They are similar in shape
to those obtained in O, solutions. The H,0, reduction
rate constant was calculated from these data using
egqns. 1.38 and 1.40. The results are summarized in
Table 3.4.,and in Table 3.) , are listed with those

obtained in o2 solutions.

%

cm?/sec..

LM h s
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~0.03 ppm O,
1.59x10*M 1,0,
T=20°C
E=-065V

o

N

o
|

o

n

O
|

o
o
|

‘Run 81

3.5 % NaCl
~0.03 ppm 0o

Current Density (mA /cm?)

3.08 xIG M Hy0,

.10 T=20°C
gur{enjshpéedicted
005l y Levich Eqn.
0
0 4 8 12

Iy -l
we (sec'?)

Pigure 3.14. Dependence of 111. on /2 for H 0,
Reduction at an Activated Plai-
inum RDE in NaCl Solution.
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TABLE 3.4.

Rate Constants for H,0, Reduction in H,0, Solution

3202 CONCENTRATION 02 EQUIVALENT k3(chSKﬂ SOURCE

1.59 x 10”9 5.1 ppa 0.118+0.006 Run 80

3.08 x 10™°M 1.0 ppm 0.034+0.901 Run 81

The result obtained at the higher H,0, concen-
tration is very close to those obtained in air-
saturated solution. This lends some support to the
reaction model used in the latter case. The value
oktained at the lower H,0, concentration is lower than
might be expected on the basis of the concentration
dependence observed in 02 gsolutions. This may be a
consequence of neglecting 4-electron 02 reduction and
catalytic H202 decompogition, and is discussed in the

next section,

3.5.3. Effect of Using an Ex anded Reaction Model to
) Calculate the H,0, Reduction Rate Constant

In this sectior expressions are derived for
comparing the value of k3 calculated using the simpli-
fied reaction model with the value of ky from the ex-
panded reaction model, eqn.(1.22 ). Detajls of the
intermodiate steps in the derivations which follow

are shown in Appendix B,

8a

[ RSP I VI RSP P

e A b e e




™G Cates will Pe Considared:  thae of s
soluticon CoRtAlDIRg G: and a neciigible amouynt of
Hzc:. arnd hat of a scluticn containing H202 ard a
negilgible amcunt of D:. The case 0f a soluticn
conraining both O, and B0, involves some coeplex
algebraic ecapressicns and was not trecated sirce it
wouid appear to lead to intermndiate renults,

(a) E,qz Cencentration Megligible Compared
to O, Concentration
-

The value of )] based on the expanded model i3z found

by rearranging eqn. 1.4, tn qive

1/2
X - -k (1-5)
3, exp 4 I

O2 02 (1.1)

The value calculated uming the sinplified reaction

node lk)',"pl is found by setting f=1 and X,"0.
From ).1
172
Ky av
X - 22
J,nimp 1 -1
i
-1
RTINS (3.2)
2 72

In the discussion which follows, va-iations in the

term




J,simg
LU - 13,31
¥
l.exf
h | -
ay & functicn of .Y, will be discursed :n oan attempt

r?

to determine which of the tws 3lternat:ve react:ion

scremes, l.o2. or 1.22.A, best descrites the O, reduc

2
ticn mechanisan applicable under the corditions of

this study,
Let us first consider she case where f«1 but

k‘w. R :3 thren glwven by

L

I (3.4}
i, exp

Equation ().4)predicts that, for a civen value of h‘,

the value of R 18 independent of

‘lln_‘1/2 dats therefore cannot enable one to distinguish

.. ECxperinental

boteeen the axpanded and simplified reaction models.

Now let us assume that {1, with the result

that

- ),exp (35.%)

where A and B are as defined in Appendix B. Values of

R have been calculated for the two Cases u‘-o and

h‘-i)...p. and are listed in Table B.1l, as functions
of 1 and i?l . The term —T—J‘ is inveteely
theor t hwor

.‘



Freporticnal to the cxient IS which the maamarald
current differcd freoo that predicted by tne Levich

egzaticn {i.20%, and var:ed typ:

€}

ally from abcut
1.9% 2o about 1.80 as | .ncreased from 64 to 160 se:-l.

Cons:idering first the casc of k‘-o 1t an be

seen that R :ncrlases as - decreases, 1.e,, as
zt!‘.cor

-« inCreases. The extent of this irncrease in R over

a given range of values of 2 , becomes greater

*theor

as { decreasca. Table B.l. also shows that the effect

o! k‘ v0 18 tO tncreasa the value of R by a fixed

proportichn, tut nct to affect the ,-dependence of R,

This can al3o be deduced from eqn.(V,4).

Thte foreqgoing di13cussion aay be summarized as
follows: 1f the value of kl calculated uzing %he
sinplified nodel (eqn, 1.22.A) does rot vary with
increaning u it ran be concluded that d-electron
reduction oCcurs to a neqgligible extent;: no conclusions
can be drawh as to the rate of catalytic u202 decom-
position relative to that of electrochemical Hzo2
reduction, 1! the calculated value of k) increases
ap , increases the value of [ can e estimated from
the extent of this increase in k). using Table B.).
The qgrestsr the increase, the qgreater the extent 0

which d-slectron reduction occurs. Again, ho con-

clusions ca~ be drawvn reqgarding t‘.

] ]
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Table 1.5, summarizes the effects of increasing

- 0n the values of 13 si=p which were uscd tc calcu-
' -

laze the »ean valves listed 1n Table 3.3,
TABLE J.°%.

Types of _-dependence Observed in
Calculating the Hzgz-nedqg;xon Rate Constant

SOURCE EFFECT OF IRCREASING

172 X
- on J.apparent

Run 8) Results scattered about a mean
Run 86 *

Peters{1970) Sliql.l decrease

Run 65 Results scattered about a mean
Run 7% *

Run 54 Slight decrease

Run 30 -

in only one run was a systematic InCroase in
k)..:-p obrerved with increaning ,. T.ea extent of
this increase vas 00 great that ro sean value of k)
could be calculated for inclusion in the list of
k)'.‘.p values (Table ).3.). The slight decrease in

k)'.l-p far twa of the runs listad in Table ).9. was

probably due to experimental crror. FProm the results

tabulated one can see that d-electron o2 reduct inn

"
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occurred TS a negl

A

¥}

gaitle extent mder the erperimental
conditions of this study. ThHT ©XITnT o =h
¢catalvric H202 decornosition cocurred cculd not be
estinated.

(b} gz_Concentratzon Kegligible Cozpared to

5292 Concentration

b 1/2
R, cd L
H,0, 10, |
1 = - . 1/2 (3.n.)
H.o .
- 22 B

1,2
Fy.0.-
X . 22 -k, :1-5
J,exp . L
- 1
b 1/2
2FK c -
H202 H202 (}.7.1)
wvhen f=] and k‘-o.
113
L
. ) 292
J,simp \ (}.8.)
- 1
b 1/2
2rK C o
)03 H30,

Combining 0.7} and 0.8),

3 (1-;) |

Re]ls -t (3.9 :

.).c:p

rquation 0.8} tndicates that R should be independent

LR




of both - and the H.O, concentration, When K, =0

egn, {3,% reduces %o

kJ,apparcnt

S | {1.10 %
k3.actual

and {-clectron reduction becomes uninportant. Tails
result 15 to be expected since, when k, =0, no O, 1is
produced by catalytic i,0, deccaposition.

From cgn. (3.M 3t can be scer that, in the
case ¢f kl values acasured in H202 solution, the
experimental results cannot be used to distinguish

between reantion models.

J.6. Correlation of k] values With Flectrode Potential

Secause Hzo2 reduction 18 an electrochemical
reaction the poasibility exists that the ratc-determining
elementary step 17 this reaction 12 a potentiel-dependent
adacrption or desorption at *he RDE rurface. In such »
case the reaction rate constant wonuld be potential-
dependent. Damjanovic, et al.(i967b} and Muller and
Hekrasov {1965} found this to be the case, although
thore was tonsiderable scatter in the results of the
former.

Some of the rasults obtained by each of the
above appear in Table 1.). It say not he appropriate

to compare their results with those obteined in this

L



study btecause of the considerahle d:ffarencez in oW,

g

puraity, and C, concentraticn. In view of these
differences 1t 1% 1nteresting that all the k3 values
listed in Table 3.3 vary over no more than a threefpold

range,

Logarithe=e of k3 values obtained :n this study

were plotted against electrode potential (Fig. 1,15 ).

The results of Daajanovic et al. and Muller and

Nekrasov are also plotted, having been corrected i
approximately for the different pH at which they were ]
evaluated, by a factor of 60aV/pH unit. Although i
ncst ©f the results of this study are hignher than j
those of the other researchers the slope of a line

of best fit wuuid Le equal to that of Damjanovic, et

,....--

al. The high values obtaired in this study can be
expiained by the eipanded-reaction-model analysis
of Secticn 1.59.).

It 18 now clear that the apparent dependence

C e —————— . r——

of kJ on 02 or H202 concentration is merely a

reflection of the fact that, as the 0, or #,0, bulx
concentration decrested the potential corresponding
to the point of inflection on the polaritation curve

became more anodic. The reason for this shift in

potential will be explained in Sectson J.7.
The pctential-dependence of K, can be further
Lllustrated by calculating Xy values at an arbitrary

potential of -0,)0V using polarization data from

g?
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Ca L. -~ - LN %1 - v =
£r, %3, %23, 28, ané 2i. All ©f these runs

were made vsing 3.5% NaCl soluticn., The results of

this calculation are listed 1n Table 3.6,

TABLE 3.6.

Rate Constants Calculated at an Electrode
Potential of -0.30V

RUN 02COHCERTRATIOH H,0, CONCENTRATION k

292 3
{ppm) (cm./sec.)

86 7.18 0 0.079

54 0.77 0 0.037

58 0.12 0 0.045

80 .0.03 1.89x10" ¥y 0.038

81 ~0.03 3.4 x1079 0.043

These results are very susceptible to experimental
error because each value was calculated using only one
point on a polarization curve, rather tharn from five
1/2

cr six i-u pairs, as was the case for the values

listed irn Table ).}, In view of this limitation the
agresment between the five calculated values 18 quite
good,

3.7. Reassons for the Change in Shape of the
Polarization Curve with Decreasing 02_£9nqgntrat£on

The potential at which hydroqgen evolution
(reduction of H' tors) commences is dependent cn the
pH at the electrode surface. This potential 13 given

by the Narnat equation, which can be written as

A9
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follows:

E“z"“aﬁ‘l =0+ 5% In 2, (3.11.)
Now, when 02 is reduced at the electrode OH ions

are produced or H* ions are consumed. This results
in an increase in pH 2t che electrode surface, with
respect to the pH in the buik of the solution. At
higher O, levels (e.g., air-saturation) hydrogen
evolution occurs at a sufficiently cathodic potential
s0 as not to obscure the limiting-current plateau for
02 reduction. At lower 02 concentrations less OH

is p:oduced at the electrode by 0, reduction and the
pH at “he surface is therefore lower than in the

case of, say, 02 reduction in air-saturated solution.

L]

As eqn. (3.11.) shows, this shifts the value of By

2
to more anodic values. Eventually E; becomes so

anodic that the limiting-current plat:au is obscured.
The net effect, as the H'-reduction curve moves
closer to the ascending portion of the oz-reduction
curve, is to make the measured polarization curve
ateeper with decruasing 02 concentration. This
explains the trend observed as one looks successively
at Pigs. 1.2,, 3.5., 3.6., and 3.7.

It is perhaps a fortunate conincidence that

the currents at the inflection points of these
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polarization curves correspond to those predicted
by the Llevich eguation. At a concentration of, say,
0.02 pper O, one might find that the 4™ -reduction
curve overshadowed the 02-:eduction curve, leaving
either no inflection point or one corresponding to a
current far from the theoretical value. Moreover,
had the NaCl solutions been of lower pH the shift in
the H'-reduction potential might have raised the
lower limit at which the 02 concentration was measur-
able using the inflection point, to a value considerably
greater than the observed limit of about (.05 ppm.

This argument suggeste an explanation for the
20V error incurred when measuring 02 concentrations
in seawat:r using the points of inflection of polari-
zation curves. The bicarbonate present in scawater is
capable of acting as a buffer. This should resuit in
a lower surface pH in seawater than in an NaCl solution
of the same 02 content. This difference in PH might
shift the H'-reduction curve to such an extent that
the current at the inflection point includes an H'-

reduction current.

3.8. Long-term Use of a Platinum RDE as a Primary

Standard for 02 Moagurement

;o was mentioned earlier in this chapter a plati-

num RDE has the potantial for usc as a primary standard
in measuring 02 concentrations at the 0.1 ppm O2 level

in seawater. Rather than measuring an entire polariza-

%




tica curve for oxygen reduction, as was done in thas

study, it would be sufficient to measure the current
uging an activated electrode at a potential wicthin

+50 mV of the inflection point potential, and then use
egn. (1.20) to calculate the approximate 02 concentraticn.
Continuous measurement of 0, concentration would not be
possible, because of the necessity for frequent reacti-
vation of the electrode surface. However, it would be
possible to make semi-continuous 0, measurements at
intervals of, say, 1 minute, using an automatic switch-
ing circuit to alternate the RDE potenticl to effect

the activating and current-measuring processes described
in Section 3.2.

Because of the low temperature sensitivity of the
RDE in saline media (see Section 2.1) no correction
wcnld need to be made for temperature fluctuations over
a range of about +5°C.

The following additional work must be carried out
to assess whether a platinum PDE can be used for long-
term 0, measurement in a particular location:

(1) In Section 3.3.2 of this chapter it was reported
that a platinum RDE consistently gave readings which
were about 20% high. It should be determined whether

a similar error would occur in scawater of a different
pH and composition. In addition, it is necessary to

assess whether the relative error is dependent on 0,

concentration in the concentration range of intcrest.
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(ii) In this study it was fould that the surface of a
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platinum RDE immersed in filtered or unfiltered seawater
] for up to 18 hours, retained a shiny appearance. After

{ gentle cleaning with a cotton swab moistened with dil-
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ute HNO, the electrode could be left dry for a period

; of up to a month before re-use, upon which it would
display the same behavior as before towards O2 reduc- %
tion. It would be necessary to ascertain whether micro- '
organisms tend to grow on the active portion of an RDE

immersed in seawater over an extended period, resulting
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in filming which would in turn alter the mass-transport

or reduction kinetics of 02 at the RDE surface. This

B P

could be determined by operating a platinum RDE on-line

in a desalination plant for a prolonged period.
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SHRYTYF & CHAVRTION AND DERCILVATION OF PLATINUA wiin
RESPECT <O OXYGEN REUL‘CTlO'.'\"
4.1. Scope of this Chapter

This chapter deals vith variations in the cata-
lyzig activity of platinum towards oxygen reduction
as a function o! electrode history, potential, and
the sedium 1n which it is irmmsersed. A survey has
been nade of activation techniques nentioned in the
literature, as well a3 theorics advanced to explain
their efficacy. Deactivation and poisoning sechanisns
are discussed 1n the light of experimental resules
cbtained in this study, as well as results obtained
from tho literature.

The mechanisn of oxygun reduction has been shown
to varyvy with pH te.g, Daajanovic,g&nil.. 1966} and
purity of solution (e.q. Damjanovic. et al., 1967a).

'n this study experiments were performed using neutral
solutions which had not been purified. <Therefore,
counclur .ons drawn fn this chapter are applicable
matniy to oxygen reduction in such media. This in-
formation is thus supplementary to that n the
literature, which applies to purified solutions of
high (12-13) or low {0-1) pi.

4.2. Timeo-dependence of the Oxvygen Reduction Current

In this study it was found that the current due
to oxygen reduction at a platinum electrode held at a

constant potential between about +0.1 and ~0.8 V vs

H
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value over a period of 30-90 minutes. A typical
current-decay curve 1s shown 1n Fig. J.! and described
in Secticn 3.2. Similar rehavior has been observed
by a nu=ber of investigators, among thea being
damjanovic. et al. (1967a), Hoare (1965), Myuller and
Nekrasov (1964), Oshe, et al. (1965), Tikhomirova,

et al. (1967), and Yuzhanina, et al. (1%70). A=ong
the investigators vho cither did not obscrve such &
time-dependence, or declined to mention it, are
Ostrovidova et al. (1970 and Nekrasov and Cubrovina
{1568).

The view qgenerally held is that the surface of
the platinum changes with time, and that this affects
the extent to which oxygen reduction 1s promoted at
the surface.

Beforce reactivation of the surface is discussed,
the changes which occur in the oxygen-reduction
mechaniss as the currcent decays, will be described.
4.3). Changes Occuring in the Reacticn Mechanian, aa

a Puncricn of the State of Activation of the
Llectrode

It is generally agreed that deactivation of the
platinum surface results in inhibition of the reduc-
tion of uzoz. which is formsd vhen oxyqen underqocs
2-electron reduction {Hoare, 1968). For example,

Tikhomirova. _t al. (1967) found that at a roduced

9%



{Seacrivated) platiana= ssriace EZUZ was redceced at a
negligidbie rate compared to its rate of formation.
Myulier and Nekrasov {1965} fcund that at a deactivat-
ed platinum surface Hzoz was reduced at a rate an
order of magnitude less than its rate of ‘crmation.

At an activarad surface H202 was reduced as quickly

as it was formed.

The dependence of the limiting current for oxygen
reduction on ;1/2 for a deactivated platinun RDE was
peasured in this study. The results of several ex-
periments are shown in Fiq. 4.1. TFor comparigson the
results obtained at an activated electrode in air-
saturated J.5% MaCl solution, and in 1.6 x 10™ n H202
in ).5% RaCl, arc also sh-.wn, as well as the behsvior
predicted by the Levich equation.

From Pig. 4.1 it can be scen that the curreat at
a deactivated clectrode in alr-saturated MaCl solution
(Run 86) was only about 6% below that at an activated
electrode. On the other hand, at a deactivated
electrode in air-saturated scavater (Rur 75) the drop
in current wvas much larger. The potential at which
the 1-.172 data was neasured in Run 86 was -0.70V
vhereas in Run 75 {t was -0.60V, as explained in
Section J.4.1. As Piqg. 1.2 shows, the diffcrence
between the currents at an activated and a deactivated

{declined) electrode increases as the potential becomes

more ancdic. Therefore, part of the disparity between

9%
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electrode potentials. Other reasons for dissimilar
behavior in these two media will be discussed ilater
in this chapter.

In oxygen-free H202 solution (Run B80) the curve
for a deactivated electrode fell far below that of an
activ ated electrod-. This indicates the extent to
vhich H202 reduction is retarded at a deactivated
electrode.

Analysis of the data obtained at activated and
deactivated electrodes using equation (1.23) gives a
quantitative measure of how much 5202 reduction 1is
inhibited at a deactivated electrode. In Table 4.1
Hzo2 reduction rate constants are listed which were
cbtained under a variety of experimental conditions.
Decreases {n the rate constant vary froe two-
fold in the case of air-saturated (7.18 ppma 02) NaCl
solution to over twentyfold in the casc of uzoz solu-
tion. Among the factors which might have causcd these

differences in the extent of the fall (n k., are dif-

B )
ferences in electrode potential and defects in the
reaction model used in the calculation. These, as
well as the apparent dependence of k;, Gh oxyyen

concentration, are discussed in Chapter ). Other
factors of importance are discussed later in this

chapter.

"



TABLE 4.1

u?t')2 Reduction Rate Constants for Activated and Doactivated Platinum Electrodes
BULK xyfcm./sec.) POTENTIAL

SOURCE MEDIUNM 0,CONC. (ppm)  M,0,CONC.  ACTIVATED DEACTIVATED  (V.5CE)
Run 8) NaCl soln. 7.18 -0 0.110 0.045 -0.7
Run 86 . 7.10 -0 0.199 0.049 0.7
Peters(1970) - 6.55 -0 0.118 0.024 -0.n
Run 7% Scawater 7.1% -0 0.071) 0.006 -0.6
Run €3 NaCl soln. 0.09 -0 0.043 0.0014 0.5
Run 80 - .0 1.6x10"%n 0.118 0.0045 ~0.65
Run 81 . -0 3.1x107 %M 0.034 0.002) 0.6




4.4. Changes Ovcurring in the Electrode Surface
Durimg Activsticn ald DeItiivation

- o % mmm e vemm =
SeWrd ACLAVELIDIT

“he »2ethod commonly used to activate a platinum
electrode 13 to hold it at a potential anodic to the
oxygen rest potential for a period rangirg from
several seconds to several minutes. There appears to
be no unanimity as to the exact pretreatment to use
and only recently has any work btcen done to system-
atize pretreataent. ‘e.g. Luk’yanycheva et al., 1971:
Tarasevich and Bogdanovskaya, 1971). Some examples
of pretreatment techniques are given in Table {4.2.

In sooe cases vhere polarization curves welce
msasused 1y observing the response of the current to
trianguisr voltage pulses no pretreatsent was msen-
tioned {(e.g., Nekrasov and Dubrovina, 196d). In such
cages the anodic extreme of the triangular wave con-
stituted a bricf anodic pretreatment.

As can be seen f{roa Table 4.2, the potentials
and durations of pretreatment vary considerably.
Moreover, none of the authors quoted justified
explicitly wvhy a specific pretreatment potential was
used rather than one which was, say., .1V higher or
lower.

One aspect cosson to these techniques, however,
is that the potentizls used were sufficient to pro-

duce a layer of adsorbed or chemically combined oxygen
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TABLE 4.2

Exaaples I Fretreatment Techniques Waed to Activate Platinum lectrodas

PRETREATHMENT POTENTIAL

SOURCE (VOLTS wvs. N.H.E.)
Blurton and McMullin (1969 None
Damjanovic.,et al. (1967} +1.4
thon 0.0
M01ller and Nekrassow (1364) +1.8
then <~0.2
then +1.)

Oshe.et a]. (1965 Alternate pulses, repoated
+1.2
then =-0.1

Shepalev.gt #l. Alternato anodtc-cathodic

polarization at 10mA/cm
10 cycles

Yuzhanina, et al. (1970) +1.1
then 0.0

This study +0.7% = +1,2%

DURATION OF
PRETREATMENT (min)

—
- 1 ]

Not stated
1.0

e

[ =R ]

—
(=3

o0
b

0'1 - l.o



at the surface (Hoare, 18&£8). coarding Tareperich

to
and Bogdancvskaya {1970}, oxvgen is adsarhad »

(A4

platinue= surface at a rate that increases approxi-
=ately linearly with the anodization potential. For-
nation of platinum oxides commences only at potentiale
arodic to +1.4 to +1.6 VI(NHE) in acid solution and
+1.1 to ¢1.25 V(NHE) in alkaline solution. Daajanovic
(1969) implies that oxides form at potentials anodic
to ¢+1.0 V(NHE) i{n acid solution.

Luk ‘yanycheva, et al. (197]1) exanined the effecte
of patential and duration of pretreatment on the cover-
age 0f the surface of a platinum electrode with ad-
sorbed oxygen. They also exanined the effect of the
latter on the rate and meachanism of oxyqen reductjon.
They found that the proportion of oxygen which under-
qoes 2-electron reduction increased with increasing
coverage of the surface with oxygen during activation,
Related to this observation is the fact that Tarascvich
and Dogdanovskays found that d-e¢lectron reduction was
inhibited as coverage of the platinum surface with
oxygen exceeded monclayer filiing,

Luk'yanycheva, et al. slso found that the rate
of H 0, reduction increased with increased surface
woverage by oxygen. This result confirms the generally-
held opinion (e.9. Hoare, 1967} as to the effect of
activation on 8202 reduction and {s §in agreement

with the resuits obtained in this study (see. for

102
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example, Table §.1).
4.4.2. Deactivation

In the papers quoted in the preceding section
no =ention was made of the possibility of poisoning
of the surface cf the electrode, in addition to de-
scrption or reductior. of adsorbed oxygen, when the
electrode 1s nade cathodic. This may have been 50 be-
cause the high purity of the solutions used in these
studies nade poisoning by trace srganics, for exaz=ple,
highly unlikely.

Danjanovic, et al. (1%67a) fnund that in impure
solution the current due to oxygen reduction at a
platinua RCE decreased with time at a rate one to two
orders of magnitude greator than the corresponding
decrease in pure solution. 1In impurec solution 2-
electron reduction of oxygen predominated over 4-
clectron reduction, and the rate of u202 reduction
was low compared to its rate of formation. Yuzhanina,
et al. {(1970) also found that the proportion of 4-
electron reduction decrecased with decreasing purity
of solution, from 900 in pure solution to 700 in im-
pure solution. Of ccurse these results can only be
used qualitatively since, i{n the papers quoted, the
terms “‘pure” and "impuie” were not defined in a
quantitative sense.

Hoare (1968} questioned the oxistence of a 4-

electron recduction path. He suggested that impuritics
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adsorbed at.the electrode mhibited catalytic decomposi-
tion of H,J, formed by 2-electron cxygen reduction.
This 3202 could therefore be detected at the ring of
an RRDE. In pure solutions, on the other hand, any
Hzoz formed at the disk would ir—ediately deccmpose
catalytically if it were not reduced electrochemically,
and the resulting oxyger would then be reduced quickly
to nzoz. The apparent result would be that 4-electron
reduction was occurring. This result is shown alge-~
braically in Section 1.8. Hoare does raise a valid
point, i.e., that Damjanovic, et ai., erred in neglect-
ing pcssible catalytic H202 decomposition at the disk
vhen formulating their reaction model. However, the
existence of a 4-clectron reduction path has since
been verified repesatedly by workers using the diagnos-
tic equationa wvhich Tarasevich (1968) developed for

the RRDE, and which take catalytic H202 decomposition
into account.

Damianovic, et al. (1967a) found that the rate
of decay of the current for oxygen reducticn in an
impure solution was strongly dependent on the rate
of rotatiun of the electrode. This implics that
poisoning of the electrode was caused by diffusion of
species from the bulk of the soluiion. HNo mention
was made of the possibility of simultansous removal
of a layer of adscrbed oxygen from the electrode

surface.
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The results obtained in this study were repre-
sentative of impure systems and provided en opportunity
to test sone hypotheses pertaining to activatioa and
deactivation of platinum electrodes in unpurified
solutions. The alternative hypotheses tested were as
fclious:

(1) The layer of adsorbed oxygen formed during anodic
pretreatment catalyzes one or more stages in the reduc-
tion of oxygen. This layer is slowly removed when

the electrode is made cathodic.

(ii) During anodic pretreatment a substance is formed
which is later reduced when the electrode is made
cathodic, thereby resulting in a higher current density.
{iii) During pretreatment impurities adsorbed at the
platinum surface are either oxidized or desorbed.

The reverse occurs during cathodic polarization.

Evidence in support of (i) above is yiven in
Table 4.3 and jllustrated graphically in Fig. 4.2.
Increasing the anodization time by a factor of about
3 resulted in current increases of up to 3,5%.
Similarly, as Table 4.4 shows, increasing the anodiza-
tion potential produced appreciable increases in the
limiting current. In each case the relative increase
in current priduced hy a given increase in potential
or duration of pretreatment was higher at low oxygen
concentrations than at higher concentrations. Such

an observation might be taken as support for hypothesis

105




0.8 | ,

Theoretical Limiting Current
_Z/ (Eqn.1.20)

0.7=

__ 08|
ol
5
< Run 93
E 05 3.5% NaCl -
> 7.18 ppm O,
3 20°C
Q
| ?. 0.4 786 rpm _
[ =
e
3

o
o4

Activation Procedure
o + 1.0V, €0 sec
O+i.0V, |5sec
A+0.5V, 60sec

0.2

| | ]
0 -0.2 -0.4 -06 -0.8

Potential vs SCE (vclt<)

0.1

Figure 4.2. Effect of Potential and Duration of
Anodization on Shape of Polarization
Curve for Oxygen Reduction a. an Ac-
tivated Platinum RDE.
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TABLE 4.3}

Effect on the Limiting Currant of Incroases {n Anodization Time

O-. CONC PRETREATMENT CHANGE IN
2 * POTENTIAL PRETREATMENT
MEDIUM {ppm) (Vvolts ScCT) TIME

J.%% NaCl 7.10 +C.5% From 1% sec.
to 60 sec.

- 0.9 *0.5 -
Seavater 7.15% +0.5% From 10 sec.
to 50 sec.
€ .09 +0.29 From 10 soc.

to 30 sec.

EFPECT ONM
LIMITING

CURRENT

1.5V increarwe

3.5\ incroase

Iy incroase

}.60 fncroase

A

R i

[ =]
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TABLE 4.4

Effect on the Limiting Current of Increases in Anodlzation Potential

0. CONC PRETPEATMENT CHAMNGE IN EFFECT ON
2 * DURATION PRETHEATMENT LIMITING
RUN MEDIUM (ppm) (mec.) POTENTIAL CURRENT
91 ). 5% NaC} 7.18 15 From 0.5 to 0.68 increase
+1.0V
16 - 0.5% 15 From +0.9% to J.5% fncroane
‘ 1 - ov
60 - 1.0% incroase
75 Seavater 7.18 18 From +0.5% to 0.60% (ncreane
‘1 - ov
74 " 0.09 10 From +0.5 to 3.5V incroase

+0.%v
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{ii) gince +he »3ditional culrert Jee to reduction of
any sutslamcei{s) for=ed curing anodization would in-
crease in relative magnitude with decreasing oxygen
concentration. This argument is, however, easily
refuted.

FPirst, the relative increase in current produced
by a given change in pretreatment at two oxygen levels
was not even approximately in inverse proportion to
the ratio of the oxygen concentrations, contrary to
vhat hypothesis (ii) would predict.

Second, at a given oxygen concentration the cur-
rent increase produced by an incroease in activation
time was much less than proportional to the additicnal
nuzber of coulombs passed during this period.

Third, the increased number of coulonmbs passed
vhile an electrode went from the activated to the de-
activated state over a period of 10-60 minutes was
far greater than the number of coulombs passed during
activation. This indicates that a change in catalytic
activity occurs during activation, rather than the
generation of a reducible species at or ncar the
electrode surface.

Finally, an experiment vas designed to test
hypothes‘s (ii) epec'fically. After activation a
switchirg arrangemant {Pig. 2.2) was used to interrupt

eloctrical contact to the RDX for a chosen length of
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tize between activation and cathodic polarization.

For convenience this interrupted state is hereafter
referred to as “standby.” 1If a reducible, non-adscrbed
substance were formed at the electrode during activation,
one might expect it to diffuse avay from the surface
during the standby period. This wouid have the result
that anodization would produce little or no increase

in the current flowing during cathodic polarization.

Some results obtained using standby are listed in

Table 4.5.

In air-saturaced NaCl solution and seawater
containing 0.1 ppa oxygen an incrcase in current with
increasing duration of atandby mode, was observed,
rather than a decrease. This rules out hypothesis ({1}
as an explanation of the cffects of anodization on the
current.

Before reasons for the effects of standby are
discussed, it is appropriate to assess the i{mportance
of poisoning of the electrode surface, as suggested in
hypothesis (iii). Piqure 4.) shows pome results ob-
tained in this study on the effect of rotational
spead on the rate of decay of the limiting current
for oxygen reduction at a platinum RDE., It is clear
that both the rate and extent of decay are proportion-
al to the rotational upeed, as Damjanovic, et al.
(1967a) found. At a rotational speed of 120% sec !

they observed a 10A drop in current in the firset five
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RUN

93

75

74

76

MEDIUM

J.5% NaCl

Seawater

Seawater

Soavater

Effect of Standby Mode on the Limiting Current

0, CONC.
(ppem)

7.18

7.15

0.09

0.10

TABLE 4.5

TEST

Anodize: +0.5Vv, 30

3O sec. standby.

Same pretreatmant,

standby

Anodize: +0.5V, 10

60 sac. standby

Anodiza: +0.5Vv, 10

30 sec. standby.

fame pretreatment,

standby

sec., than

then % min.

sec., then

saec., then

then 2 min.

Anodize +0.5v, )0 sec., then

60 aec. standby

EFFECT ON
LIMITING
CURRENT

No apprecisble
effnct

0.8% incroase

No approciable
effact

50 incroame

8% increase

5% increane
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Figure 4.3. Effect of Rotational Specd on Rate of

Current Decay for Oxygen Raduction at
a Platinum RDE.
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minztes after activation. In Run 63 of this stody, at
oculy 3~ :a:-l {id$¢ rpa) a 50% Jdrop in the current was
obsarved in the same interval. This is not surprising
since seawater was used in the latter experinment, and
it probably contained more impurities than the 0.1 N
H,50, used by Damjanovic, et al.

As wvas shown earlier in this chapter the extent
of cractivation of a platinum electroda was greater
in seawater than in NaCl solution. It appears, there-
fore, that poisoning of the electrode by impurities in
solution was of considerable importance under the
experimental conditions prevailing in this study. This
poisoning is probably reversible; desorption of poison-
ing compounds takes place during anodic pretrecatment.
In view of the fact that investigators working with
highly purified solutions have astablished that oxygen
reduction is <atalysed by the layer of adsorbed oxygen
which forms at a platinum surface during anodic pre-
treatnent, it seems likely that activaticn and de-
activation are mixed processes involving a combination
of the effects of poisoning and oxygen adsorption.

The relative effects of standby at high and low
oxygen concentrations can now be explainod as tollows:
After anocdization some poisoning species may still be
weakly adsorbed at the electrode. 1t has beon pro-
posed (Gnanamuthu and Petrocelli, 1967) that an

elementary 7eaction step in oxygen reduction {s
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adsorption of molecular oxygen st the electrade. The
rate of this adsorption step is probably depend..rt
or uxygen concentraticn. XNow, {=purities adsorbed on
the clzetrode surface may occupy sites which were
active for oxygen adsorption. Thus the residual
irpurities might inhibit oxygen adsorption lestc at a
high oxygen concentration than at, say, 0.1 ppa.

During standby, when the electrode is at the
rest potential, the residual poisoning impurities
may slowly desorb. The extent of desorption will be
dependent on the duration of standby. This will
have a greater relative effect on the current during
subsequent cathodic polarization at lower oxygen con-
centrations. The same reasoning also explains the
greater relative effects of duration and potential of
anodization at lower oxygen concentrations.
4.5, Hysteresis

Polarization curves aeasured in NaCl golution
and seawater exhibited hysteresis at all oxygen
lovels. The polarization curve measured in the direc-
tion of increasing cathodic potential (cathodic branch)
lay above that mengured (n tha opposite direction
(anodic branch). This was also observed by Blurton
and Mchullin (1969) and Damjanovic, et al. (1967a)
and was mentioned by Shumilova and Bagotzky (1968).

An sxample of the hystaresis obaerved in this

study is shown in Pig. 4.4 ().5V NaCl solution) and
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Fig. 4.5 (sezwater). The gmme Tepplt ooourred, ir-

regpective of the arder In whish tha 1y t=o

——

Lhes ©

)
I

polarization curve were measured. At this point it
should be mentioned that all polarization curves
discussed earlier in this report were cathodic branches.

Rysteresis can be explained by similar reasoning
to that made in Section 4.4.2, when the effects of
starddby were explained. Piret, let us assume that the
rate of adsorption of ispurities at the electrode in-
creases as the potentisl becomes more cathodic. Let
us also assume that after anodization some residual
impurities are left at the eclectrode surfaze, as sug-
gested in the previcus section,

In the courr=- of measuring a polarization curve
a number of events occur. Durino cathodic polarization
the electrode is being poisoned, at a rate wvhich in-
creases as polarization proceeds towards more cathodic
potentialas. ODuring anodic reactivation between points
an the polarfization curve the adsorbed impurities are
being stripped from the clectrcde surface, but there
will be a slight azcumulation of residual impuritics.
By the time the anodic branch of the polarization
curve is asasured the concentration of impurities at
the surface will be sufficient to inhibit oxygen
reduction perceptibly.

As measurement of the anodic branch proceeds, 1

less polsoning will occur during cach period of !
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cathndic pelarigatios beczzse of the dacTeasing cathodic
porertial, ra! some of the adcumulased ispurities will
Yo rineved ducismg sach anedizgticn step. By the time i

the rest potential has been attained the concentration

of adsorbed impurities will have reached a minimum.

This explanation also accounts for the fact that ]
the degree of hysteresis increased with decreasing
oxygen concentration, as shown in Figs. 4.5. and 4.6€.

That poisoning has a strong effect on HZO2
reduction is illustrated in Pig. 4.7, wvhich shows

the greater extent of hvsteresis in an oxygen-free

solution containing 8202.
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CHAPTER 5: STUDIES AT GOLD, SILVER, AND COPPER
ET.RTTRODES

£.1. Scepe of this Chagpter

The first section contains a discussion of the
transient behavior of the current for 0, reduction at
a gold electrode in ajr-saturated 3.58 KaCl solution.
The effects of various activation techniques are com-
pared, Polarization curves are described and conclu-
sions are drawn using these curves, as well as 1-41/2
curves, as to the probable mechanisa of O2 reduction
at gold in the mediun used,

Pclarization data for o2 reduction in secawater
arce described and compared with data obtained :1n NaCl
solution. The lower limit of applicability of a qold
RDE to the wmrasurement of dissolved 0, in scawater is
found to be about 1 ppm.

The remainder of this chapter is devcted to
brief discussions of polarization data obtained at
ccpper and silver electrodes, both of wh.ch were found
to have poor corrosion resistance coaparvd to gold and
platinum, and to give polarization data of poor
rep.oducibility.

5.2, Polarization Data Nbtained with a Gold Blectrode
5.2.1. J.5% Nacl Solution
When a gold RDE in an air-saturated HaCl solu-

tion was helid at a cathodic potential the time-
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dependence was similiar to that ol a platinuz= electrode.
Theze w2z = fzst initial transient of abouyt five
seconds’ duraticn. The current then deccreased at a
sopewhat lovwer, but sore uniform, rate than that which
was observed with a platinum RDE. A decay in the
cathodic current on gold was also ohserved by

Genshav , et al. (1967). They reported that the
current reached ateady-state after about 1 minute,

but it is more likely io have been at a quasi-stcady-
state.

Figqure 5.1. shows the effects of various types
of electrode pretreatnent on the shape of the polari~
zation curve. The technique used to measurce polariza-
tion curves was as follows: The electrode was held
at the pretreatment potential for several =zinutes.

The potential was then varied stepwise, from a value
close to the rest potential, to the hydrogen evolution
potential. Between potential steps the clectrode was,
except where mentioned, held near the rest potential
for a few secconds. After the elcctrode potential was
nsde cathodic the current wvas recorded, and the current
at J.2 ainutes after the potential change was plotted
ayainst the potential.

1t is clear from Fig. 5.1. that cathodic pre-
treatment was most effective in activating the RDE

surface. A quits flat limiting-current plateau

resulted, the current at the platcau being within about
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2% of that predicted by the levich eguation.

Anodization of the electrode seemed to inhibit
0, reduction at potentials more anodic than about
=3.8V. This implies that the reduction is catalyzed
by an oxide-free, reduced goid surface.

When the electrode was left at the rest poten-
tial, with the potentiostat turned off, for 10 minutes,
the result was the gsams ag for an anodized electrode.
It is possible that the small amount of oxidation
which occurred during this period at rest was sufficient
to inhibit 02 reduction.

Tarasevich,et al. (1370} measured polarization
curves for O, reduction at a gold electrode in oxygen-
saturated alkaline solution. Their electrode was
held at the rest potential for ten minutes prior to
the peasurement of each point on the polarization
curves. No limiting-current plateaux were obscrved;
their results thus agreed with those found in this
study.

They obtained an intermediatc wave, or pre-
wave, wnose height was equivalent to about two-thirds
of the liniting-current for 4-electron reduction.

In this study a small maximum occurred in the polari-
zation curve for the anodized electrode at an equiva-
lent pntential. There were insufficient data obtained

for the electrods left at the rest potential for ten
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minotes in this stoedy, to extend its polarization
Turve o potentlals anodic to -0.6V. Heowever, in
view of the fact that the curve coincided closely
with that of the anodized electrcde at potentials
cathodic to -0.6V, one might expect the former to
exhibit at least a prewave at about -0.3V,

Using an RRDE, Tarasevich,et al. found that
the »munt of Hzo2 escaping from the disk reached a
maxizum at the potential where the first wave
occurred. Hence, at this potential the Hzo2 formed
as a result of 2-electron O, reduction was not
electrochemically reduced to OH at a rate sufficient
to prevent appreciable diffusion into the bulk of
the solution. At more cathodic potentials the rate
of H,0, reduction increased rapidly.

Tarasevich,et al. concluded, &s well, that
4-electron reduction took place at a negligible rate
compared to 2-electron reduction. The fact that the
current at the prewave was greater than that corres-
ponding to 2-electron 02 reduction was thought by
then to be due to reduction of 02 formed by catalytic
decomposition of H,0, at the disk. The maximum
observed in this study might be explained by similar
reasoning, coupled with the suggestion that some of

the O2 may underqgo 4-slectron reduction at a rate
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which diminishes as the potential becomes more
cathodic.

The observations made with a »nrereduced gold
electrode in this study indicate that, at such a
surface, either {-electron 0, reduction predominates
or 2-electron reduction occurs additiocnally or exclu-
sively, followed by rapid H202 reduction. fThis is

supported by the plot of i va.alfz

shown in Fig. 5.2.
The experimental data for an activated (prereduced)
electrode lie on a straight line through the origin,
and slightly above the line predicted by the Levich
equation. This small discrepancy may have been caused
by a slight eccentricity of the electrode.

By way of contrast the plot of i vs.ulfz

for

an electrode left at the rest potential for ten
minutes shows an increasing deviation from the theore-
tical line with increasing «. This is good evidence
of retardation of Hzo2 reduction and aqrecs with the
results of Tarasevich, et al.. The currents used to
draw this plot were measured at -0.6V, a potential at
which the polarization curve for this clectrode lay
considerably below that of a cathodically pretruasted
elaectrode.

A plot of i wvs. u1/2

(Pig. 5.2.) for an
electrode whose activity had reached stecady-state

showed no evidence of inhibition of llzo2 reduction.
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The data were scattered slightly about a straight

line passing through the origin, the slope of which

was about 75% of that of the line for the activated
electrode. This indicates that 02 reduction, rather
than 8202 reduction, is the step which is inhibited

at steady state. One can conclude from these results
that the reaction mechanism at a gold electrode at
steady-state is different from that at both an anodized
electrode and one which is held at the rest potential
for some tinme prior to polarizationa.

The validity of comparison with the results of
Tarasevich, et al. (obtained in pure, alkaline solu-
tion} is supported by the following: The main reaction
path for O, reduction ir 0.1N H,S0, (Genshaw, et al..
1967) was found to be the same as that in 0.01-1N XOH
(Damjanovic, et al., 1967¢), Reduction in the
limiting-current region procceded via an H,0, inter-
ecdiate. The only significant difference in electrode
behavior at these extremes of pH was that in the
limiting-current region the H,0, reduction rate
constant was much higher at low pH than at high pH.

In addition, Genshaw, ot al. found that the mechanism
of O2 reduction in purified acid solution was identical
to that in unpurified acid solution. This is not at
all like the behavior of a platinum electrode, which
was deacribed in Chapter 1.
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The polarization curve obtained at an O, concen-
tration of 2 ppm is shown in Fig. 5.3. The electrode
was activated by cathodic pretreatment, as in the
case of air-saturated solution. The effect of de-
creasing O2 concentration was to make the limiting-
current plateau less distinct, as in the case of a
platinums RDE. The current at the point of inflectica
of the polarization curve was within 2\ of the theore-

tical value.

5.2,2. Scawvater

Polarization curves for 0, reduction in air-
saturated seawater are showr in Fiq. 5.4. Activation
of the electrode in seawvater was by cathodic pretreat-
ment, as deacribed in Section 5.1.2. No limiting-
current plateau occurred, but the current at the
inflection point was within about 3% cf the theoretical
value. The clectrode had been prereduced at -1.1V for
10 minutes prior to polarization.

The absence of a limiting-current plateau was
poasibly due to the presence in seawater of substances
which inhibit one or more stages in the reduction of
oxygen on gold, irrespective of the pretrecatment
technique used.

As Fig. 5.7. shows, hysteresis was observed with
a gold electrode. 1In contrast to the hysteresis

observed at platinum, however, the anodic branch of
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the curve l=y above the cathodic branch. This indi-
cates that when meaguring the cathodic branch of the
polarization curve the expcsure of the electrode to
potentials anodic to -0.6V deactivated the surface.
Onn the ancdic branch the exposure to more cathodic
potentials partly reactivated the electrode.

Polarization curves measured in air-saturated
NaCl solution and seawater are compared in Fig. 5.5.
The curve for NaCl solution was measured using an
electrode which had been standing in air for some days
befcre the experiment, and had then been prereduced
at -1.3Vv for five minutes. It illustyates the poor
reprodvcibility of polarization data for gold compared
to that of platinum, Nevertheless the shape of the
polarization curve for NaCl sclution is far more
characteristic of a diffusion-limited current than
that of the curve for seawater.

At an 0, concentration of 2.0 ppm the current
at the inflection point of the polarization curve
(Pig. 5.6.) was about 2% above the theoretical current.

At an 0, concentration of 0.32 ppm in seawater
tha current at the inflection point was almost 30%
qreater than that predictead by the lLevich equation.
This discrepancy is almost 500\ greater than that which

was incurred using a platinum ROE at 0.1 ppm O,.
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This indicates that the lower limit of applicability
of the gold RDE to 0, measurement in seawater is about
1 ppa 0,-

5.3. Results Obtained with a Copper RDE

The copper RDE corroded after irmersion in
solution, resulting in roughening of its surface. For
this reason the use of a copper RDE was not investigated
further in this study.

5.4. Results Obtained with a Silver RDE

The transient nature of the current due to o,
reduction at a freshly-polished silver RDE in asr-
saturated NaCl solution, was similar to that observed
at a goid RDE (Section 5.2.). The technique used to
measure polarization curves with the silver RCE was
identical to that described in Section 5.2. for the
gold RDE.

A flat limiting~current plateac was not obtained
with the silver RDE, even in air-saturated solution;
instead, the polarization curve sloped gently in the
limiting-current potential region. The current in
this region was within a fev percent of that predicted
by the Levich equation (1.20).

The absence of a limiting-current plateau on
si{lver was also r.oted by Tarasevich, et al. (1966) and
ILutaeva, et al. (1968). The former found, however,

that in the limiting-current region the measured
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current torresponded o a maximaom value of n, in
egn ({1.20), of 3.3 instead of 4.

It is generally considered (e.q., Sepa, et al.,
1970, Tarasevich, et al., 1565)that reduction of 02
at silver is catalyzed by a reduced, oxide-free surface,
and inhibited at an oxidized surface. In this study
oxidation of the silver surface war found to have a
deleterious effect on its Oz—reducing capability, but
for different reasons, as explained below.

The electrode vas anodized at +0.2V vs, SCE
for 10 seconds. The polarization curve measured after
anodization was of siailar shape to one measurced at a
prereduced electrode. However, at any given potential
the current underwent a nonreproducible transient of
about 10 seconds® cGuration, and also fluctuated con-
siderably, In seawater these effects werc more
exaggerated.

Examination of an anodized silver elcectrode
showed it to be covered with a dark gray deposit. Even
after prolonged cathodic treatment the e¢lectrode was a
gray~-brown color, and its surface could bc seen by the
naked eye to be pittad and rough. 1In addition the
original behavior of the electrode could not be restored
except by polishing. This evidence suggests that silver
chloride readily forms at the electrode surface during

brief anodization, When the electrode is made cathodic
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+hp gilyar ~hinrids ig reduced back to a fint divided
form of silver.

®hen i==ersed 1n oxygen-containing seawater,
silver tends to corrode, although at a lower rate
than that resulting from anodizaticn. It might there-
fore be expected that a silver RDE, irmersed in sea-
vater and subjected to sporadic cathodic pulses, will
eventually become so rough that it no longer fulfills
the smaothness criterion for an RDE. In view of this,
and taking into account the lack of a limiting-current
plateau in air-saturated NaCl, solution, the silver RDE

was nOt investigated further in this study.
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THEAriew £, DEVELOPWMINT OF A MIXDATTFITED Woinun POR iy
2ereEsINATIUN OF Gazwer AND HYDROGzN PEROXIDF

€.1. Need for an Analytical Technique
In order to determine whether the current at the

RDE agrzcd with that predicted by the Levich equation
(1.20), it was essential that the oxygen concentration
in solution be accurately known. When saturating NaCl
solutions or sea water with air, the oxygen concentra-
tion in solution could be estimated froam reliable
tables (Green and Carritt, 1967) or correlations
(Truesdale, et al., 1955). Lower oxygen concentrations
~ were attained by saturating the test solution with
.‘oxygen-nitrogen mixtures of known composition. The

O2 concentration in solution could be estimated by
applying Henry's law and assuming that the solution
was in eguilibrium with the gas when the RDE current
reached a steady value. However, because of the pos-
sibility of leakage of Oz into the systenm, which may
have been of relatively high magnitude at and below
the 100 ppb level, an indeapendent means was sought for
accurately measuring the 0, concentration in solution.
The analytical technique sought had to satisfy the
following criteria:

(a) Not require standardization with solutions of

known oxygen content,
(b) Be capable of measuring 02 concentrations below

about SO ppb with 5% accuracy, and
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{c} Compensate for interferesmre from Giher 3. b=
st»nrec omregent in solution.

In the secticns whick fcollcow, two ansiyctical
techniques which do not satisfy these criteria are
briefly discussed. The Winkler analysis was found to
be the only technique which does satisfy these criteria.
The chemistry of the Winkler titration, and the types
of interference to which it is prone, are discussed.

The way in which the Winkler analysis was
miniaturized for use in this study, and the degree of
accuracy attained, are described in detail. The last
section of this chapter concerns the modification of

the miniaturized Winkler analysis for H, 0, determina-

22
tion.

6.2. Techniques Which Were Considered Unsuitable for
Use in This Study

Two analytical techniques which were considered
and then rejected were gasometric and colorimetric
methods. The reasons for their rejection are dis-
cussed below.

A, Casometric. It would be difficult to determine
the amount of dissolved oxygen present in a liquid
sample by boiling off all the dissolved gas and measur-
ing its volume, since moat of this gas would be nitrogen.
The oxygen could be removed preferentially and the
volume change measured, but the relative error would

be large. For example, at a dissolved o2 concentration
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of 100 ppb, the gas in equilibrium with the solutien
contains only about 0.3% 0,, a guantity which would be
extremely difficult to measure accurately. Rexoval
of the 02 fiua a sample by bubbling a stream of pure
N, through it, and subsequent chromrtographic analysis
of the gas stream, would also be inadequate. From dis-
cugsions with colleagues engaged in chromatographic
analysis of gas mixtures, it would seem that oxygen
cannot be measured accurately in a gas at concentra-
tions below about 0.2%. The average 02 content of an
N, stream capable of remnving all the 0, from a 100 ppb
solution would probably be an order of magnitude lower
than the equilibrium value of 0.3%. Thus chromato-
graphic analysis would not be capable of measuring 02
at the required level.

B. Colorimetric. When an indigo carmine-potassium

hydroxide reagent is added to a sample containing
dissolved 02. a color is developed which is charac-
teristic of the 0, concentration (ASTM, 1966). This
color can be compared with a set of standards to give
the 02 concentration within 5 ppb in the 0-60 ppdb
range. Although this method is basically simple, it
has several disadvantages:

(1) It was originally developed for use only for
concentrationas up to 60 ppb, and is thus not suf-
ficiently flexible. Jones (1970) extended the range
of sensitivity to 860 ppb but gave the recipes for
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color standards correspanding to only five ¢, con-
centrations -- 0.10, 0.26, 0.40, 0.54, and 0.86 PRm.
(2} To be truly flexible, the technique would re-
quire the preparation of a very large mmher of color
standards, some of which might be unstable to light and
heat (ASTM, 1966) and wculd have to be constantly
renewed. Moreover, preparation of standards for use
above 60 ppb would necessitate standardization with 02
solutions of known concentration, which in itself
would require a reliable primary analytical technique.
(3) The technique is not amenable to instrumental
analysis of the color developed because the shade,
rather than the intensity of color, is the variable
affected by 02 concentration. The factor of subjectivity
involved in making color comparisons was to be avoided,
if possible.
(4) The technique is subject to interference from
copper and ferrous ions, introducing a factor of un-
certainty into analyses.
6.3. The Winkler Analysis
6.3.1. Background

This technique is generally regarded as the most
reliable and reproducible one available; it was used
in preparing the standard oxygen solubility tables for
fresh water and seavater (e.g., Truesdale, et al., 1955),
and is also used to standardize oxygen sensors and

other analytical methods. Although many modifications

. — — .
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of the Winkler titration are used by analysts, the
feature cise-pn to all of them is the conversion of
oxygen to a chemically equivalent gnantity of iodine,
and subsequent measurement of the iodine formed by
titration, usually with sodium thicsulfate. The
Winkler method differentiates between dissolved oxygen
and other substances capable of participating in redox
reactions, by means of a blank or a system of blanks.
By a judicious choice of titrant concentration, oxygen
concentrations varying over a range of several orders
of magnitude can be measured quite easily. Of course,
this technique suffers from certain disadvantages, as
do all alternative techniques, and these will bhe
described later in this chapter. Since this method
satisfies the three criteria enumerated earlier, it
was chosen for use in this study.
6.3.2. Chemical Basis of the Winkler Analysis

The Winkler chemistry is as follows: A small
volume of an alkaline potassium iodides solution is
sdded to a sample whose oxygen concentration is to be
peasured. A similar volume of manganocus sulfate
solution is then added, and a finely divided precipitate

of manganous hydroxide forms

n'? ¢ 200" —» Mn (O, (6.1)

This precipitate reacts with dissolved 02, as wvell

as any oxidizing species present, to form the trivalent
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manganic salt

2mn (08}, +30, + 8.0 2mn {DH) 5

2 2
or {£.2}
20 (0H) , + 30, —= 2MNO(OH} + H,0

Onder alkaline conditions trivalent manganese is ur-
able to oxidize I . When suflicient concentrated
sulfuric acid is added to the sample to make it acidic,

however, the I is oxidized to iodine.

2Mn (0R) 4 + 68" + 317 — 20n*? + 1T + 6H.0 (6.3)

3 2

The liberated iodine can then be determined by titra-
tion directly with thiosulfate:
- 2 2

According to Carritt and Carpenter (1966}, reactions
(6.1) to (6.]1) can be expected to occur to completion,
so that for every molecule of oxygen reac¢ting two

molecules of 13 form.

A blank to compensate for oxidizing or reducing
species also present in solution, is made by acidifying
the sample before adding the alkaline iodide and man-
ganous sulfuite reagents. No Hn(OHiz precipitate is
formed, and thus oxygen is not reduced. A negative
blank, which might tend to occur in the case of a
reducing sample, is avoided by adding a suitable amount
of jiodine to the iodide reagent. A standard correction
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is apylied for oxygen dissolved in the rezgente.
6.3.3. End-point Detection

The course of the titration can be followed by
a number of methods. The simplest is the use of a
gtarch indicator, which turns from blue to colorless
at the end-point. O0Of course, the lower the 02 con-
centration being measured, the lower is the intensity
of color produced by the starch. Potter (1957} quotes
Pieters' claim that the threshold for the use of

6

starch as an indicator is 2.1 x 10 ° N I This is

2
equivalent to a dissolved 02 content of 17 ppb and
defines the accuracy of titrations performed with a
starch indicator. Edgington and Roberts (1969} found
that when titrating with Haz 8203 solutions more dilute
than 0.005 N the starch end-point became somewhat
indistinct. 1In this study it was found necessary to

use concentrations ss low as 9.00025 N, a factor of 20
lower, in order to afford sufficient accuracy in reading
titrant volumes. Thus it was thought appropriate to

use a non-subjective means of detecting the end point.
The slightly arbitrary choice of potentiometric, rather
than amperometric, titration was adopted. The titra-
tion technique will be fully described further on.

A detailed description of reagent compositions and
standard analytical procedure i»s given in the ASTM
handbook (1966) .
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6.3.4. Interfersnces to the Winkler Analysix
The Winkler analysis is subject to the following

interferences:

(a) Conramination of the szmple with atmnspheric
oxygen during sampling.

{b}  Errors in the volimes of reagents added, especially
that of the iodized K1 solution, which contains a
relatively large concentration of species capable
of participating in redox reactinns.

(¢) »Mir-oxidation of I in the sample during and
after transfer to the vessel in vhich the titra-
tion is performed.

(4) Volatilization of the iodine in the fixed sampla.

These factors have been studied by a number of authors

(Carritt and Carpenter, 1566; Potter, 1957; Edgington

and Roberts, 1969). Potter (1957) designed a modified

veraion of the ASTM-recosmended sarzple vesgel to
eliminate factor (b), and also devised titration vessels
for iodomatric titration under a bubbling N, stream, so

as to eliminate factor (c).

Edgington and Roberts (1369) preferred to adapt

a 3100 ml. BOD hottle to oxygen~free sample collection

by buildirg a container which could accomodate the

bottle and be purged with "2' Titrations were per-

formed in an cpen beaker inside an Nz-fillod vessel.

Care was taken to avoid using & moving N, stream,

vhich might encourage the volatilization of I, from
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the fixed sample.

€.4. Deveiorment of the Analytical Technique Used
in This Stndy

6.4.1, The Need for a Small Sa=ple Volume

The sample volume rewl.-.#nded by ASTM (1966)
varies from 300 ml. to S00 ml.; the sample vessel is
to be flushed with at least 10 changes of test solu-
tion. Edgington and Roberts recrmanded at least S
changes ©of solution when taking a 300 ml. sample.
Thus, the minimum volume necessary to take one sample
ig 1500 ml. This posed a problem as far as the RDE
cell system was concerned, since the total volume of
the system was only about 1 liter, of which 400 ml. was
available for sampling, the rest being needed to £ill
the cell and permit recirculation of solution. Some
type of miniaturized titration was therefore regquired,
involving samples no larger than about 30 ml., and
needing no flushing. Jones (1970) described a
technique in which a 100-ml. round-bottom btoiling flask
was evacuated, after which the sample was drawn in,
almost completely filling the vessel. An indigo-
carmine reagent was addad to the flask before evacua-
tion. This technique was not used in the present
study for several reasons. Pirst, it was found to be
very difficult to add reagents to a full vessel; the
hypodetaic syringes used tended to refill. Second,

transfer of the fixed samnle to a titration vessel
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would have been very difficul:t, and the amount of solu-
tion remaining on the walls of the vessel may not have
been constant. Finally, thorough cleaning of the
sample vessels would have been troublesome.

Miniaturization of the technique used by Edgington
and Roberts, using 35 ml. BOD bottles, was hvestigated,
and fournd to be cumbersome. Transfer of the fixed
gammle to the titration vessel seemed to contain the
same jinherent disadvantages as in Jones' method.
6.4.2. Description of the Miniature Samnle Vessel

A new miniaturized titration vessel was desiqgned,
which was particularly well-suited to the RDE sysiem,
and which was thought to incorporate all of the improve-
ments made by the above-mentioned researchers. Especially
convenient was the fact that samnle fixing and tivraticn
could be carried out in the sama vessel. This vessel
congisted of a 40 ml. weighing bottle, onto which
connections were blown, as shown in Fig. 6.1. Four
such vessels could be coupled to a gas manifold by
means of ball joints, sc thati four samples cculd be
treated simultanecusly. Each vessel could be evacuated
by means of a vacuum pump capable of less than 0.5 rm
Hg. abscolute pressure, then quickly filled with oxygen-
free nitrogen. The ground glass 34/12 joint of each
samnle vessel was lapped with carborundum powder, to
prevent jamming during evacuation.

Each injection tube was sealed with a Bittner
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Pigure 6.1. Miniature BSample Vessel for Winkler
Analysis.
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1083 Series, #1110 rubber serum stopper, through which
the sample and reagents were injected. Stirrina of
the sam=ples after the addition of each reagent, was
effected by Pyrex-coated 1/2-in. magnetic stirrer bars,
which were placed in each vessel prior to evacuation.
Pyrex-coated atirrers were used because Edgington and
Roberts (1969) found that Teflon-and Tygon-coated
stirrers absorbed 02 to an extend which was not
negligible at the 100 ppb 0, level, and which moreover
was not constant. Pyrex, on the other hand, was found
to Absorb a negligible amount of 02.

6.4.3. Sa=mpling Procedure

In this study a special sampling technique was
used, which facilitated an accurate correction for
oxygen dissolved in the reagents. By contrast the
standard Winkler analysis assumes a constant correc-
tion for this quantity.

Edgington and Roberts (1969) claim the credit
for developing this technique, although it was first
suggested by Schwartz and Gurney in 1934 (Potter, 1937).
Its hasis is as follows:

When a liquid sample is treated according to the
Winkler “echnique and titrated, the titer represents
the sum of four quantities. This can be stated

conveniantly as

red {6.9%9)



where § is tha titer volome {ml.)
502, sred 2re¢ the portions Of the titer due to
oxygen, and reducing or oxjdizing species in the
sanple, respectively,
Ro and R are the portions of the titer due
2 red

to oxygen, and reducing or oxidizing species in

the reagents, respectively.

Sred and Rred are positive if the sample and blank are
oxidizing, and negative if they are reducing. Note
that these quantities are expressed in terme of an
equivalent amount of oxygen. Since the blank does not

respond to dissolved oxygen its titer can be writtea:

B = Sred + Rred {(6.6)

If twice the normal volume of each reagent is

added to a new sample-blank set, the titers thus

obtained can be expressed as

DS = § + 5 + 2R

0, red o * 2R (6.7}

2 red
and

DB = sr.d + 2Rrod (6.8}

By rearranging egns. (6.5)-(6.8) it can be shown .hat
(Edgington and Roherts, 1969)

80 = 25 - D5 - (2B - DB) (6.9)
2

Ro = Ds - s - a (6.10)
2
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S = 28 - D3 {6.11)

and

Rred = DB -B (6.12)

It can be seen that this technique requires
twice as many samples as does the standard Winkler
technique. It does, however, permit improved pre-
cision at and below the 50 ppb 0, level, where the
relative error due to uncertainties in the 02 content
of the reagsnts, may be considerable.

That fluctuations can occdr in the 0, content
of the Winkler resgents, was demonstrated by Edgington
and Roberts (1969), who investigated various ways of
deoxygenating the i{odide and HnSO‘ solutions, and werc
able to reduce their 0, content by about 75%. However,
without the use of special handling equipment it was
found impossible to maintain a constant 02 concentra-
tion. Also, air-saturation of the reagents still did
not result in a constant, reproducible concentration.
Nevertheless, it should be pointed cut that the devia-
tions wvere only of the order of abost 2 ppb 02. an error
which is of little significance except when analyzing
solutions of 02 content below, say, 50 ppb. In all
other cases a standard correction for 02 in the reagents
might suffice.

Some typical titration results are shown in

Table 6.1. The titers are expressed as meq. of 12.
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and the gnantities S, , R

expressed in terms of the oxygen equivalent, in ppo.

' Srad' and Rre are

Pxa=nles of Winkler Titration Results

S, R
% s R NS nA 92 02 Sreq Rreq
RUN LEVEL (meq. 1, x 103) (ppm 0,

52 -6.8 16.96 0.09 17.03 0.19 6.76 -0 .0 0.04
58 -0.1 0.44 0.08 0.59 o0.18 0.12 0.02 .0 0.04

Note that Sred and Rred are iadependent of 02 concentra-
tion. This is to be expected since the medium and
reagents were the same for each run.

Before samples were collected the ball joint and
main (34/12) joint of each sample vessel were lightly
greased. The area greased was clcar of the highest
liquid level attained in each sample vessel, so that
contaminaticn of the samples with grease was npot pos-
sible. The qas manifold was thoroughly flushed with
nitrogen. The sample veossels were connected to the
manifold and evacuated, and then filled with N, ("Hi-
pure”, approx. 10 ppa 02. or 'Oz-frce'. 2-4 ppm 02).
This procedure was usually carried out three times
before a sample was injected into the saample vessel.

A slight N, overpressure vas aaintained in the
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mani fold,/grma]le vespel systeax Ly means of a bubbler.

Sr—rmlez were withdrawn frcz the saturator by
means of a 20 ml., glass B-D Yale hypodermic syringe
with a 20-gage stainless steel 'Luer-lLok' needle,
vhich was inserted into the saturator via a silicone
rubber septum. Initially a Hamilton gas-tight syringe
with a teflon~tipped plunger was used, but it was
very difficult to dislodge gas bubbles from the sur-
face of the teflon. This syringe finally broke while
being tapped to dislodge a tenacious gas bubble; the
B-D syringe with glass plunger was then used, and proved
to be easier to handle.

Prior to taking each sample, the syringe was
flushed by filling and emptying it a few times while
it was inserted through the septum. A aamnle was then
withdrawn, and injected into a sample vessel.

Reagents were handled in 0.5 cc B-D Tuberculin
syringes fitted with 23 gage stainless steel needles.
Puring a set of titrations a small quantity of each
reagent was kept in a test tube open to the air. It
vas assunsed that the reagents were substantially
saturated with air, and that their 02 content was
constant during an experizent. Since the volume of
sach sample was only 20 ml., instead of the usual
300-500 m1., the reagent volumes were reduced accord-

ingly.

Titration of a fixed sample was offected by
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Quickly remnving the serum stopper fram the injection
tube and inserting the specially-constructed titration
apparatus. Since N, was able to flow into the sample
vessel and out of the injection tube during this step,
there was little opportunity for air to enter the
vessel and affect the I-/I; balance.

Volatilitization of I, from fixed samples during
titration, was minimized by keeping the samples cool:

The electrical stirrer used to stir the samples
tended to heat up during analyses, and warm the
samples. Using an air-powered stirrer was considered
inconvenient because of the poor sperd control avail-
able with such a device. 5o a small <ooling device,
consisting of a copper tube through which air flowed,
with holes drilled in it, and shaped to fit the top
of the stirrer, was built and performed well.

After use, each samnle vesscl was degreased with hexane.
Vessels and stirrer bars were soaked for at lcast 18
hours in chromiceacid cleanser, after which the
Cleanser was rinsed off and the vessels soaked for one
day in a mild detergent solution. They were then
scrubbed, rinsed with tap water, then distilled water,
and dried in an oven.

6.4.4. Minfature Titration Apparatus

The titration apparatus is shown in Fig. 6.2.

The portion which was inserted into the fixed sample

consisted of a burette tip, a platinum wire electrode,
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Figure 6.2. Miniature Titration Apparatus for
Winkler Analysis.
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and a KCI-agar salt bridge. The whole assembly was of
6§ mr. diamater at the stopper. The salt bridqe
terminated at the upper and in a narrow cell into which
a2 calomel reference electrode was inserted. The burette
was of 2 ml. capacity, calibrated in hundredths of a
ml., and filled from a reservoir via a 3-way tap.

The potential due to the I;/I- redox couple at
the platinum electroce, relative to the calomel
electrode, was 'ndicated by a Beckman Model 76 pH meter.
A curve was plotted of potential vs. volume of Na25203
titrant added, giving an S-shaped curve. The end-
point was indicated by the point of inflection of
this curve. For a given sampling mode (e.g., S or DS)
and solution being analysed the inflection point usually
occurred &t a fixed potential. The oxygen content of
the sample was calculated using eqn. (6.%).

6.5. Reproducibility of Oxyqen Measurements Made Usinq
the Miniaturized Analytical Technique

When analyzing solutions for 02 content two sets
of samples were usually taken. EBach four-sample sct
was analysed by the single/double reagent addition
technique described in Section 6.4.3. Each titer
value used in calculating the 02 concentration by
neans of eqn. (6.9), was therefore the mean of two
values. Extra samples were taken to compensate for
spurious titers, but the small volume of the RDE
system limited the number of possible samples to about
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Table 6.2 gimaarizes the reproducibility obtained
in sample and blank titers at two 0, levels. The
reproducibility of blank titers was always better than
about 4%, and often as gocod as 1%, irrespective of 02
concentration. Although good reproducibility of samnle
titers could be obtained at 02 concentrations as low
as 70 ppb, in some experiments at the 100 ppb - O,
level the sample titers tended to fluctuate wildly.
This was attributed to shortcomings inherent in the
use of a syringe for sampling, and will be more fully
discussed in the next section.

It should be noted that although some of the d
errors listed in Table 6.2 for blanks are higher than
those listed for samples, the former are equivalent to

far smaller absolute quantities of oxygen.

6.6. Sources of Error Inherent in the Analytical
Technique Used in This Study

The largest fluctuations in titer occurred with
samples ¢of low oxygen content. This indicated that
oxygen was leaking into the samples during sarplirng
and/or fixing. Four possible sources of error were
proposed and tested. Thoy were:{i) Leakage of 0, iqto
the sample syringe during sampling,

{ii) Leakage of 02 through holes in the serum stoppers
on the {njection tubes,
(£41) Contamination of samples by manganic oxide pushed

into the samples by the acid reagent syringe, and
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TABLE 6.2

Typical Sample and Blank Titers Obtained at

Hich and lLow 0, Levels

02 CONCENTRATION TYPE OF TITER VOLUMES DEVIATION FROM

— (ppm) TITER
7.2 Saaple
7.2 Blank
0.1 Samnle
0.1 Blank

()

4.25
4.34
4.28
4.36

0.199
0.199
0.182
0.182

l.621
1.569
1.399
1.468

0.709
0.720
0.716
0.732
¢.731
0.733

+

1+

L4

1+

MEAN

1.0%

43

Tx

1.4%
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{iv) Errors resulting from the 02 content of the N2
blanket above the samples in the sample vessels.
{i} One shortcrming of the analytical procedure is
the inability of the sample syringe to be flushed
thoroughly before a sample is taken. A film of liquiad
is always present between the barrel and plunger of
the syringe when the syringe contains no sample. This
film may have a relatively high 0, content, since it
will tend to equilibrate with atmosphescic 02 each time
the syringe ic opened. The weight of such a film was
found to be about 0.06 gm. If this film was relatively
saturated with air it could contain about 5 ppm 0, at
25°C, i.e., a total of 0.3 x 10~ % gnm. 0,. Ina 20 ml.
sample containing 100 ppb 0, there are 2.0 x 1078 gm. 0,.
Hence the error incurred when the film is mixed with a
fresh sample, may be as much as 15%.

This proposal was tested in two ways. In the
firat test several samples were taken in the normal
manner, i.e., by simnly withdrawing the plunger of the
syringe. Samnles were then taken by withdrawing the
plunger and depressing it three times before actually
remnying the sample. It was thought that the latter
technique would exaggerate the extent of contamination
by air dissolved in the film on the plunger. The
sanples were fixed and titrated. The results of this
test were inconclusive, since the titers fluctuvated

in each case.
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iIn the second test sampling cf an NaCl solution
containing about 60 ppb 02, was carried out inside an
Nz-filled glove bag. The resulting titers exhibitead
much less fluctuation than those cbtained previously.
This confirmed that the sampling technigue was a source
of error.
(ii) By the time the samnle and reagents have been
injected through the serum stopper into a sample vessel,
the stopper has been punctured three times. It was
found that the punctures did not always reseal. Whether
02 wag leaking through puncture holes and contaminating
gsamnles during fixing, was tested as follows: Of eight
sample vassels in which samples were being fixed, the
stoppers of four were sealed with grease. After fix-
ing and titration, it was found that both sets of
samples exhibited the same random fluctuations in titer,
80 that leakage of O2 through serum stoppers could not
be congidered a source of error.
(iii) When the reagent syringes were inserted through
a stopper and emptied, a drop of reagent sometimes
remained on the needle tip. When the needle was
withdrawn, this liquid could be wiped off onto the
inside of the serum stopper. Thus the alkaline
iodide and the manganous sulfate could have combined
to form an oxygen-fixing manganous hydroxide deposit
on the inside of the stopper, adjacent to the puncture

holes. Air diffcesing through these holes could have
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oxidized the deposit during the approximately ten minutes
of fixing. When the sto4 syringe was insezrted it might
have carried some of the oxidized deposit down into the
solution, thus increasing the amount of manganic ion

in sclution, and leading to a high titer. This proposal
was tested by injecting KI and Mn$SO, reagents through
serum stoppers placed on Nz-filled sample vessles.

These were 3allowed to stand for 1 hour, after which the
serum Stoppers were transferred to0 vessels containing

20 ml. of NaCl soluticn and 0.2 ml. of icdide reagent.
0.2 ml. of sto4 was injected through the serum stoppers
into the samples, which were titrated. These 'con-
taminated' titers were comparecd with those of samples

to which 0.2 ml. each ¢of HI and H2504 reagents had

been added. The results, shown in Table 6.3, are so
similar that they cannot account for any of the scatter
normally present in titers, and so the possibility of

this type of error can be eliminated completely.

TABLE 6.3

Effect of Deposit on Serum Stopper

SAMPLE TYPE TITER (mf) AVERAGE (m2)
1 0.245
2 "Contaminated” 0.258 0.247 + 0.011
3 0.237
4 "Normal" 0.232 0.229 + 0.003
5 0.226
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(iv} One of the major shortonmingg of +he gample

vessels is the predence nf a azs »

r

iznbos =

woveE th

§
th

gazple during 0, fixing, a situation which does not
normally occur in Winkler analyses. It is essential
that no exygen be present in this gas, because of the
passibility of its diffusing into the sample during
fixing. Using the solution for the analogous prablem

of heat transfer through a slab (Perry, et al., 1963)

it was calculated that 954 of the 02 present in the N2
qas blanket can diffuse to the gas-liquid interface

and react in about one minute. This is far less than
the rec~rmanded fixing time of 5-15 minutes (ASTM, 1968).

The N2 gas originally used in this study was
Liquid Carbonic "hi-pure,® with an average 02 content
of 10 ppm by volume. It was calculated that the 0,
present in & blanket of this gas could result in a 15%
error when measuring an 02 concentration of 100 ppb.
This errcr was reduced to less than 5%, when measuriag
low 02 concentrations, by the use of Matheson 'Oz-frcc'
Nys which was certified to contain less than 5 ppm 02,
and averaged 3 ppm 02.

S5ince diffusion and dissolutiun of the 02 in the
gas blanket are so rapid, one might expect all samples
to be affected by this 02 to the same extent. The
trace 02 in the gas blanket cannot, therefore, account
for fluctuations in titer.

In this srudy the titration results were not
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corrected for 02 present in the Nz. It is recnmmended
that wvhere higher precision is required at and heloy
100 ppb, a deoxygenation train be used to remnve trace
0, from the N,, to below the 1 ppm level.

6.7. Modificaticn of the Analytical Technique for Use
in Hzoz Analysis

In the experiments where HZOZ was reduced at an
RDE, an independent measure of "202 concentration was
required to check whether the Levich equation was obeyed.
Since 3202 was consumed at the working elecirode but
not replaced at the counter-electrode, fre-,uent H202
analyses had to be made. The limitation of sample
volume described in Section 6.4.1 applied, so it was
appropriate to use the analytical equipment which had
heen developed for the Winkler titrations.

Coivwveniently, an iodometric method for H.,0O

272

analysis is available (Scott, 19139). Hzo2 is reduced

by 1 in acid solution as follows:
- ‘_-
3202 ¥ 21 4+ 2H = 2 + 2“20 {6.13)

This reaction takes about )0 minutes to occur to com-
pletion, but the addition of several drops of 1M,
ammonjum molybdate renders the reaction instantaneous.
Sinca the blank in a Winkler titration involves
an acid solution, it seemed logical to trecat a sample
for Hzoz analysis as if it wore a Minkler blank, and

then add a few drops of ammonium molybdate solution.
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Sampleg were protected from air-oxidation during fix-
ing and titration by an “2 bianket. Since the Hzoz
concentrations being peasurel were about four orders

0of magnitude lower than those for which the analytical
procedure described in the literature had been designed,
reagent concentrations could be reduced accordingly.

The reagents, and volumes thereof, used in analyses,
were identical to those used for 02 analyses. Before
the addition of 3202 (injected aa “l-volume®™ solution)
to the RCE system, a blink analysis was performed on

the circulatina solution. The titer obtained was then

used as a blank for the samples containing H.O

2°2°
The reproducibility of the H202 titers was
generally better than 2%:; the largest scatter observed

in titers was 5.3%.
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NHE

NOMENCLATURE

concentration

diffusivity

potential

fraction of 0, undergoing 2-electron
reducticn

the Paraday number

gravitational force

current density

current

mass flux

reaction rate constant

0.6205 sc”2/2 V172

1+ 0,298 sc” /3 0.14514 57273
the convective rate constant, eqni{l.20)
number of electrons transferred per
pole of reactant
mass £lux
normal hydrogen electrode
pressure
radius, radial coordinate

k

s %™ ratio of rate constants,

k].exp

see section 1.5.)



Sc

SCE

<!

Greek Symbols

)

v

<>

Subscripts
D

exp

simp

theor

- roszv  Reynolds number
= v/D, Schmidt number
saturated calomel electrode
tima

velocity vector

vertical coordinate

boundary layer thickness
kinematic viscosity
density

azimuthal coordinate

rate of rotation

disk

expanded reaction model
hydrodynamic

species "i"
diffusion-)imited

masng transport

outer

radial direction

ring

sizplified rcacticn model

theorctically predicted
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Superscripts
b

vertical directicn

arimuthal direction

bulk of solution

surface of the electrode
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APPENDIX A

Summary of Experiments Mentioned in Text

ELECTRODE 02 conc. H.O. CONC
MATERIAL. MEDIUM {prpm) 272 ) EFFECT INVESTIGATED
Pt 1.5aCl 1.7 - Polarization curve.
* - 0.5 - Effect of potential and
duration of anodization
on ilim'
= * 6.71 - Current decay.
" - 0.77 - Polarization curve.
- " 0.12 - Polarization curve.
i ve. wl’3,
lim * M
" - 0.07 - Current dccay.
Polarization curve.
- " 0.09 - Effect of electrode
deactivation on KJ-
" Seawater 7.15 - k3

D el i

LOCATION IN TEXT

Sec 3.3.1 & Fig 3.5

Sec 4.4.2

Sacs 3.2,4.2 &
Fig. 3.1

SGCO 3.3!1 & Fig 3!5
Sec 3.3.1 & Fig 3.6
Sec 3.4.3 & Fig 13.12

Secs 3.2,4.2 &
Fig., 3.1
Sec 3.3.1 & Fig 3.7

Sec 4.3

Sec 3.4.2



CLECTRODE

RUN MATERIAL MEDIUM (ppm) 1202 CONC.  prpEcT INVESTIGATED LOCATICN IN TEXT

69 Pt 3.5%NacCl 0.08 - Effect of w on rate Soc 4.4.2 & Fig 4.3
of current decay.

73 " " 0.09 -- Polarization curve. Sec 3.3.2 & Fig 3.9
Hysteresis. Sac 4.5 & Fig 4.6

¢ " " G.09 -- Effect of Standby, and Secce, 4.4.2
potential and duration
of anodization, on ilim'

= 75 " " 7.15 -- Current decay. Seccn 3.2,4.2 &

Polarization curve. Sec 3.3.2 & Fig 3.8
ilim vs ml/z,activatcd See 3.4.2 & Fig 3.11
Pt.
k3 ¢.f. NaCl soln. Scc 3.4.2
. 1/2
i)ip VS W / ’ Sac 4.3 & Fig 4.1
deactivated Pt.
Ef fect of elrctrode Sec 4.3

deactivation on k3

Effect of Standby, and Sec 4.4.2
potential and duretion
of anodization, on ilim'

Hysteresis. Sec 4.5 & Fig 4.5




zLrcTRODE Oy CONC-  eomce
N MRATERIAL MEDILM (o) 22 T FFYrECT INVESTICATED INCATION IN TEX'T
76 re ). SeNacCl 0.10 - - rffect of 4tandliy an e 4.4.12
tlu:’
40 . - 0.0} 1.6-10-‘H Polarization curve and iec 3.%.0 & Fia
estimation of D .
H,0,
1/2 232
111“ ve - . activated fSec J.5%.2 & Fiq
Fr.
4y activated Pt tecC .l
172 . !
~ ‘lla ve . R Sec 4.) & Fig &
“ deactivatod e,
yttact of electrado Sfec &.)
deactivation on k].
| B} * - -0.01] ).1-10'5n folarization curve and Soeo 1.%.2 & Faua
estisation of D .
"o
H va 1/2 2 e ¥.%.2 b T
1im - » Y -2 v b 1)
Activated PPr.,
k,. activated Pt nee Y., 2
LEffect 0f electrodn tec 4.
deartivation on k‘
"> . - 8.08 €-10 '™ Hyatercain, wc 4.% & Fig d.



ELECTROOE My N o cone

RN MATERIAL MXDIUNM WPy 22 ) EFFICT INVEGTIGATED IAXCATION I TEXT

1) e J.%WNaCl 7.18 -- h). activated ™t. Sec, .41
Nftect of evlectrode soc ¢4,
doactivation on k].

(1] * ¢ 7.10 -- folarization curve. Sec ¥.2 & I'ig }.2
Oprtimum timo to Sac 1.2 & I'ig 1.}
measure current aftor

Y activation of eolectrode.

it Correctlon of current Gec 1.2 & 1'1g Y. 4
deocay curse,
1 vs -1/2. activated PPt,. Seoc 3.4 & 1ig 1.10
.., activated P'tr, Sec 1.4

) 172

i ve . , Acactivated Sec 4.} & Vig 4,1
e,
r{foct of eloctroxde Nec 4.)
deactivation on k,.
Hystercuin, fec 4.9 & Fug 4.4

)] A . 7.18 -- Fffect of pretreatment flec %.2.1 & Fig 4.1
tnchnique on shape of
polarization curve,

Effect nf atate of Yec .21 8 Fig S8
electr~te surface on
1/2

shape of { va .
curve,

———




ELECTRODE

RUN MATERIAL MEDIUN

" Au
30 -
L B Fe
110 Aa
112 *
11) -

Seawater

J.5%¥NacCl

Scavater

2

7.1%

CONC.
(ppm)

0, CONC.

EFFECT INVESTIGATFED

LOCATION 1M

Polartlzation curve.
Polarization curve,

Effect of potontial
and duration of

anodization on shape
of polarization curve.

fffoct v, Standby,

potontial and duration
of anodization, on 1

Folarization cutve,

Polarization curve,

Polarization curve.
Hyatercalin.
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Apcenrdix B

Part 1: Derivation of Expanded-Model Egquaticn used
in Secticn 3.5.13

(a) Hzoz concentTat1dn regligible compared to

O, concentraricn., Eguat:icn (1.)7) recomes

i = :F-1/2K0 €o {22, ¢ £ 1/2 (8.1}
2 2 | 4 -
H.O
272
1-: 7
k]‘k‘fl"sl
which lcads to the result
/2
K, = IHJO’- -, (1 -5 (e 1)
) ‘ a4 2 .
Y
-(2-¢}
2?51/2! cb
0,0,

This value of k] will be referred to hereafter as

L i
k).e:p. Hote that i1n eqn. (6.2} the tern 1/2 b
2F. X. ¢
. 02 o2
ral 172 b
iz equal to where -~ 4Fe K. ¢, .
ith r theor 0: 02

the current predicted by the Levich equation (1.20) for
{-electron reduction of Oy:
The simplified reaction model asayumes f = 1 and

k‘ = 0. Under these conditicns eqn. (B.2) r~duces to

nn



1/2
!L"J'i.,tl1
ka 2 \ i = ,(} cien {B.1)
2 3 -
1thecr
K .
- J.SLEP
Let " ka,exp - T-.C'l
173
K -
Hy0,
1
~i L A
R u ‘“theor
x 1/2 (B.4)
1~ ]
H.O
12 - x,0-5H
f F ]
23 -1
theor

Dividing numerator and dencminator of eqn (B.4) Ly the

expression for k . One obtains

.simp
Re = | — l (B.%)

) -1

o ! X, (1-5)

_theor . 4 b
' 4 -1 El.lxsp

- en

theor

Lquation (B.3) can be revritten in a more convenient

form,
lat A » l -1 B .- t -1
21 214
i -1 i - {2-1)
theor theor

Cne then obtains,

il

—
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R = 1

- {B.6)
AT
B ky.8imp 7
£gn (B.6} can pe written as
1
R = £ (B.7}
L k‘ (I-I)
B kJ,exp R
which leads to the resuls
k‘ 1 b4
1 kJ exp ( !,
- t
R A/B (B.8)
When k‘ = 0 and f < ) eqn (B.B) simplifies to
R = 75 (5.9)
B .
When f = 1 and k¢ > 0 eqn (B.8) becomecs
k‘
Rel o {B.10)
), exp

2



i= ‘ {(8.11)
1/2
-

. ’5{202

1 £
ks*k‘ (1'5)

k3 is then given by

f
1 4 - - ) - k‘(l'fl {B.12)

When ¢ = 1 and k‘ s 3, {n accordance with the

siaplified reaction model, eqn (B.12) reduces to

{3.1))

Combining oqne (B.12} and (B.1)) one can shov that

18}



£

R, {i-5;
1.+ 2 (3.14)
3 K
3,exp 1,exp

R = :"3,511:p =

When £ = 1 ecgn (5.14) Leccres

Ralse ﬁ—i—— (B.15)
3.cxp

Part 2: Calculation of k; Ratios Predicted ty

Eqna. (B.3) and (B.9)

The term 2i/i typically varied from a value

theor
of 1.95 at low ul/2(°8 lec.-lfz) to 1.80 at high

Ul/2 172

(~1) sec. }. Values of R for the cases

k

" 0 and k‘ =k have been calculated and

),exp
are listed in Table B.1.
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TAZLE B.1

Effact of 4, £ and ¥ on the k3 Patiz, D

] 2 A . R{=K3, sizp"*3, exp’

il L] -!
theor k4-0 K‘-KLexp
0.95 1.95 0.0526 ° 0.0555 1.0555 1.6C97
1.90 6.1111 0.1176 1.0588 1.6148
1.85 0.1765 0.1875 1.0625 1.6203
1.86 0.2500 0.2667 1.0667 1.6267
.90 1.95 0.0526 0.0588 1.1176 1.7324
r 1.50 0.1111 0.1250 1.1250 1.7437
. 1.85 0.1765 0.2000 1.1333 1.7566
| 1.80 0.2500  0.2857 1.1429 1.7714

!

' G.80 1.95 0.0526 0.0667 1.2667 2.0266
1.80 0.2500 0.3333 1.3333 2.1333
0.70 1.95 0.0526 0.0769 1.4615 2.4116
1.80 0.2500 0.4000 1.6000 2.6400
0.50 1.95 0.0526 0.1111 2.1111 3.6943
1.80 0.2500 0.6667 2.6G67 4.6667
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